to Edith

AbstractParallel Input/Output Templates, PI/OT, is a novel, top-down, high-level approach toparallelizing file I/O. Each parallel file descriptor is annotated with a high-level specifica-tion, or template, of the expected parallel behaviour. The annotations are external to andindependent of the source code. At run-time, all I/O using a parallel file descriptor adheresto the semantics of the selected template. By separating the parallel I/O specifications fromthe code, a user can quickly change the I/O behaviour without rewriting the code. Tem-plates can be composed hierarchically to construct complex access patterns.While other approaches explicitly differentiate between parallel and sequential I/O in thesource code, the PI/OT model is based on the familiar standard stream I/O (stdio) function-ality. The current PI/OT model contains five templates that can be composed to expressmore complicated I/O patterns. Aset of attributes for each template provides more ex-pressibility for these basic template descriptions. The PI/OT model is intended to be imbed-ded into a parallel programming system (PPS). The Enterprise PPS was used to implementthe PI/OT model.Four sets of experiments test the performance, useability, and composability of thesetemplates. The first set of experiments examines the performance of this top-down ap-proach against versions implemented in an existing parallel I/O system (PIOUS). Two appli-cations are used. These applications share the same parent-child computational parallelism,but have different I/O requirements. The first, based on a molecular docking application, isfine-grained and contains variable-sized objects which in turn contain other variable-sizeobjects. The other application is a coarse-grained version of disk-based matrix multiplica-tion. The experiments show that the performance of PI/OT is at least as good as PIOUS.

The second set of experiments examines the useability of the PI/OT model. The run-timebehaviours of two applications was changed by modifying the parallel specifications with-out recompiling the applications.The third set of experiments examines the effect of the complexity of the dynamic seg-mentation function on performance. The molecular docking application was used. Withsufficient computational granularity, the complexity of the segmentation function does nothave a significant impact on the application.The fourth set of experiments takes the lessons learned in this work and creates a morecomplicated parallel version of the fine-grained docking application that has better perform-ance than the simpler computational version.These sample applications demonstrate the benefits of PI/OT model, both from the per-formance and the software engineering points of view.

AcknowledgementsEnterprise is a large team project and very little of this could be accomplished withoutthe efforts of many graduate students and researchers. I would specifically like to thankDiego Novillo, Steve MacDonald, Randal Kornelsen, and Paul Iglinski for their contribu-tions to this project. As well, I would like to thank Steve Moyer for his advice on the PIOUSimplementations and discussions on the test results.I would like to thank my two supervisors, Jonathan Schaeffer and Duane Szafron fortheir guidance and direction, as well, my unofficial supervisor, Ron Unrau, for his con-structive comments while developing and documenting this research. I wish to thank RodJohnson from Instructional Support Services for allowing me access to the undergraduatelaboratory for some of the experimental work. This research was supported by researchgrants from NSERC and a grant from IBM Canada.Finally, to my wife Edith and my three children Matthew, Ellen and Emily: I thank youfor allowing me the freedom and opportunity to go back to university.

Contents1. Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11.1 A Simple Example...............................................................................................................31.2 Contributions......................................................................................................................71.3 Document Structure..............................................................................................................72. The Current State of Parallel I/O. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82.1 Terminology.......................................................................................................................82.2 Parallel I/O Characterization.................................................................................................102.3 Parallel I/O Interfaces..........................................................................................................112.3.1 PIOUS........................................................................................................................122.3.2 MPI-IO.......................................................................................................................122.3.3 CUBIX I/O..................................................................................................................132.3.4 CHIMP.......................................................................................................................142.4 Parallel File Systems..........................................................................................................152.5 Object-oriented Parallel I/O..................................................................................................162.6 Parallel Programming Systems.............................................................................................162.7 Four Issues.......................................................................................................................182.8 Chapter Summary..............................................................................................................193. Parallel I/O Model. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2 0 3.1 Description of Parallel I/O Templates....................................................................................203.1.1 Photocopy.................................................................................................................213.1.2 Newspaper.................................................................................................................213.1.3 Report.......................................................................................................................223.1.4 Meeting.....................................................................................................................223.1.5 Log..........................................................................................................................233.2 Read and Write Attributes....................................................................................................233.3 Composing Templates........................................................................................................253.4 External Information...........................................................................................................263.5 Chapter Summary..............................................................................................................304. Implementation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3 1 4.1 PI/OT Minimal Requirements..............................................................................................314.2 PI/OT Implementation Issues...............................................................................................324.2.1 Determining Order and I/O Managers...............................................................................344.2.2 Granting Access..........................................................................................................364.2.3 Creating a Parallel File Descriptor..................................................................................374.2.4 Closing a Parallel File Descriptor...................................................................................394.2.5 Using a Parallel File Descriptor.....................................................................................404.3 PI/OT Template Implementation Issues..................................................................................434.3.1 Photocopy Template....................................................................................................434.3.2 Global Templates........................................................................................................434.3.3 Segmented Templates...................................................................................................434.4 PI/OT and Enterprise..........................................................................................................464.4.1 Graph File Modifications..............................................................................................474.4.2 Static Analysis Additions..............................................................................................494.4.3 Run-time Libraries......................................................................................................504.5 Deadlock Prevention...........................................................................................................53

4.5.1 PI/OT Deadlock Prevention In Enterprise.........................................................................544.6 Chapter Summary..............................................................................................................555. Performance. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5 6 5.1 Fine-grained I/O.................................................................................................................575.1.1 Data File Layout.........................................................................................................585.1.2 Parallel Design Considerations.......................................................................................595.1.3 Template I/O in Enterprise............................................................................................595.1.4 PIOUS Implementation..................................................................................................615.1.5 Fine-grained I/O Performance.........................................................................................635.2 Coarse-grained I/O..............................................................................................................655.2.1 Parallel Design Considerations.......................................................................................665.2.2 Enterprise Implementation............................................................................................675.2.3 PIOUS Implementation..................................................................................................685.2.4 Coarse-grained I/O Performance......................................................................................685.3 Useability and Composability..............................................................................................705.3.1 Heterogeneous Children................................................................................................705.3.2 Heterogeneous Children Performance...............................................................................735.3.3 Extended Pipeline Example...........................................................................................755.3.4 Extended Pipeline Performance.......................................................................................785.3.5 Useability and Composability Summary..........................................................................805.4 Dynamic Segmentation.......................................................................................................815.4.1 Segmentation Functions...............................................................................................815.4.2 Dynamic Segmentation Performance...............................................................................835.4.3 Dynamic Segmentation Summary..................................................................................855.5 Complex I/O Patterns.........................................................................................................855.5.1 An Additional Segmentation Function.............................................................................865.5.2 Complex I/O Performance.............................................................................................885.5.3 Complex I/O Summary................................................................................................895.6 Chapter Summary..............................................................................................................896. Conclusions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9 1 6.1 Extensions and Future Research............................................................................................916.1.1 Deadlock Prevention....................................................................................................926.1.2 Static Analysis Support................................................................................................936.1.3 Run-time Improvements...............................................................................................946.1.4 Extensions and Future Work Summary............................................................................946.2 Contributions....................................................................................................................946.3 Summary.........................................................................................................................95Bibliography. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9 5 A. Enterprise Parallel Programming System. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 0 2 A.1 Enterprise Programming Model...........................................................................................102A.2 Enterprise Implementation.................................................................................................104A.2.1 The Graph File..........................................................................................................104A.2.2 The Precompiler and Static Analysis.............................................................................105A.2.3 The Run-time Libraries...............................................................................................106B. PIOUS Test Application Codes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 0 7 B.1 Small-Grained I/O Example Program....................................................................................107B.2 Coarse-Grained I/O Example...............................................................................................109B.2.1 Source code for Parent.c..............................................................................................109B.2.2 Source code for Child.c...............................................................................................112

TablesTable 5-1 � Elapsed times in seconds for PI/OT and PIOUS (PSP, SSP and GSP). PIOUS import and exporttimes are not included. Sequential user times in seconds were: 1916 (buffered), 1914(standard stream), and 1932 (low-level)......................................................................63Table 5-2 � Disk-based matrix multiply elapsed times in seconds for 2000 by 2000 matrix of doubles(reals) using PI/OT and PIOUS (input and export times not included). Sequential user timesare 2214 seconds for buffered stream I/O, 2352 seconds for stream I/O and 2308 seconds forlow-level I/O........................................................................................................69Table 5-3 � Elapsed time (seconds) for three different parallel I/O template combinations, three granu-larity levels of computation, and two replication factors for heterogeneous children exam-ple......................................................................................................................74Table 5-4 � Elapsed times for different combinations of parallel I/O behaviours and early release usingthe computational pattern shown in Figure 5-18a. Sequential user time is 173 seconds......78Table 5-5 � Elapsed times for different combinations of parallel I/O behaviours and early release usingthe computational pattern shown in Figure 5-18b. Sequential user time is 173 seconds......79Table 5-6 � Elapsed times for different combinations of parallel I/O behaviours and early release usingthe computational pattern shown in Figure 5-18c. Sequential user time is 173 seconds......80Table 5-7 � Elapsed times for different combinations of parallel I/O behaviours and early release usingthe computational pattern shown in Figure 5-18d. Sequential user time is 173 seconds......80Table 5-8 � Elapsed time (seconds) using three different segmentation functions, four replication factorsfor the Child process, and four computational granularities for the fine-grained I/O exam-ple......................................................................................................................83Table 5-9 � Elapsed time in seconds for a more complex computation on a heterogeneous and a homo-geneous network of workstations. A total of ten processes are allocated to execute theChild and CEDE functions......................................................................................88

FiguresFigure 1-1 � An example program with sample sequential input and output files................................4Figure 1-2 � A parallel version of the example sequential code........................................................5Figure 2-1 � Example for CUBIX I/O........................................................................................14Figure 3-1 � Parallel I/O behaviour hierarchy............................................................................21Figure 3-2 � Sample code for I/O attributes...............................................................................24Figure 3-3 � Composing with PI/OT........................................................................................25Figure 3-4 � Examples of connection patterns for a pipeline of three process types...........................27Figure 3-5 � Additional I/O communication connections needed for synchronization and coordinationof file access for global or segmented parallel I/O.....................................................27Figure 3-6 � Possible connection patterns using a pipeline of three process types. The character 1(one) indicates a single instance of a process type while the character n indicates morethan one process instance. The boxed pairs indicate that the contents of the box are rep-licated as a single unit.........................................................................................28Figure 3-7 � Overview of the PI/OT model in a parallel programming system..................................29Figure 4-1 � Standard C stream I/O library function signatures.....................................................33Figure 4-2 � Identifying I/O managers and call ordering...............................................................34Figure 4-3 � Two approaches to selecting an I/O manager............................................................35Figure 4-4 � Granting access using PI/OT..................................................................................36Figure 4-5 � Three entry points for stream I/O...........................................................................37Figure 4-6 � Wrapper code for a parallel fopen...........................................................................38Figure 4-7 � Two alternative signatures for freopen....................................................................38Figure 4-8 � Wrapper code for parallel fclose.............................................................................39Figure 4-9 � Wrapper code for parallel fread...............................................................................40Figure 4-10 � Wrapper code for parallel fscanf.............................................................................41Figure 4-11 � Wrapper code for parallel fprintf............................................................................42Figure 4-12 � Wrapper code for parallel fseek..............................................................................42Figure 4-13 � An example of a PI/OT segmentation function..........................................................44Figure 4-14 � Another example of a PI/OT segmentation function...................................................44Figure 4-15 � Format of a PI/OT entry for an Enterprise graph file...................................................48Figure 4-16 � An Enterprise graph file with PI/OT extensions.........................................................48Figure 4-17 � The signature of an Enterprise parallel fopen function................................................50Figure 4-18 � The different I/O events for Enterprise....................................................................52Figure 5-1 � Sequential code for fine-grained I/O test program......................................................58Figure 5-2 � Layout of an input data file for the fine-grained I/O experiment...................................58Figure 5-3 � Modifications to sequential code for Enterprise.........................................................60Figure 5-4 � Modifications necessary to the Enterprise graph file for fine-grained I/O........................60Figure 5-5 � An example I/O segmentation function for fine-grained I/O test program.......................61Figure 5-6 � An example of an I/O segmentation function for dynamic output records.......................61Figure 5-7 � Sequential source code for matrix multiply main (Parent.c)........................................65Figure 5-8 � Sequential source code for matrix multiply Child (Child.c).........................................66Figure 5-9 � Enterprise code modifications to parallelize disk matrix multiplication..........................67Figure 5-10 � Modifications to the Enterprise graph file for coarse grained I/O example......................68Figure 5-11 � Heterogeneous children and extended pipeline parallel computation configurations...........70Figure 5-12 � Source code for the heterogeneous children example..................................................71Figure 5-13 � Four computation configurations used for heterogeneous children example....................72Figure 5-14 � Source code for the first stage of the three-stage pipeline example, StageI......................76Figure 5-15 � Source code for the second stage of the three-stage pipeline example, StageII.................76Figure 5-16 � Source code for the third stage of the three-stage pipeline example, StageIII...................77Figure 5-17 � StageII asset code modified to check futures.............................................................77Figure 5-18 � Four computation configurations for three stage pipeline example...............................78Figure 5-19 � Segmentation function for fine-grained example that reads the entire record....................82

Figure 5-20 � Segmentation function for fine-grained example that has the size of the record embeddedinto the data file.................................................................................................82Figure 5-21 � Constant segmentation function for fine-grained I/O example......................................83Figure 5-22 � Elapsed time versus computational granularity using constant (a), full read (b), and em-bedded read (c) segmentation for fine-grained I/O example at four replication levels.Elapsed time versus computation granularity of the three segmentation functions using areplication factor of fifteen (d)...............................................................................84Figure 5-23 � Source code for the CEDE function for the more complex I/O example based on the fine-grained I/O example............................................................................................86Figure 5-24 � The computational parallelism for original (a) and more complex (b) version of the fine-grained I/O example............................................................................................86Figure 5-25 � Modified source code for the Child function reflecting the changes necessary for the morecomplex fine-grained I/O example..........................................................................87Figure 5-26 � Segmentation function for CEDE parallel I/O requirements........................................87Figure A-1 � Annotated graph file entry for one asset..................................................................104Figure A-2 � An example graph file.........................................................................................105

1Chapter 11. IntroductionThe development of parallel applications has focused on computational parallelism.Consequently, the corresponding growth in parallel input and output (I/O) implementationtechniques has not kept pace. If an application is to perform parallel I/O operations, a usermust explicitly differentiate between parallel and sequential I/O streams at the source codelevel, and often import or export files into or from specialized file systems. As well, thecomputational parallelism may have to be re-implemented to work with the communicationsystem used to build the parallel I/O library. This results in a lack of portability betweendifferent operating systems, architectures, and even changes in the physical layout of thefiles. Ideally, all of this should not be of concern to the user. A user would type in the com-mand cc˚-par˚Mycode.c. The compiler analyses the code and creates the resultant bi-nary, a.out. When a user runs the application, it adapts to the run-time environment. Al-though this is not feasible yet, the user can currently specify what needs to be done. Withthis information, how the requirements are accomplished can be the concern of the parallelprogramming system (PPS) and the physical resources controlled by the various operatingsystems. It should be possible to enter the command cc -par WhatIWant Mycode.c tocreate a parallel-aware binary file and to get the results by entering the command a.out-par WhatIWant. The parallel behaviour specifications are associated with the WhatIWantparameter.This dissertation proposes a design for implementing parallel I/O requirements usinghigh-level behavioural specifications (or templates) within the auspices of a parallel pro-gramming system. One of the advantages of a PPS is to shield a user from the low-leveldetails of implementing parallel requirements. Several examples of these systems (withvarying degrees of sophistication) can be found in˚[2, 4, 6, 10, 25, 28, 33, 46, 70, 83].A PPS could use these parallel I/O specifications, along with its own model for describingthe parallel computation, to implement the desired parallel behaviour. The PPS integrates allcomponents for developing, compiling, running, debugging, and evaluating the perform-ance of a parallel application. That is, the implementation of the parallelism is handled bythe PPS. Auser chooses the computational and I/O templates that give the best perform-ance.Current approaches to parallel I/O favour the use of parallel I/O libraries. These librar-ies offer an improvement over implementing the desired functionality using low-level func-tions offered by operating systems. The parallel I/O requirements are specified using apackage of specially designed parallel I/O library calls (typically highly tuned to one or afew architectures). Usually, these libraries force the user to differentiate between sequen-tial and parallel I/O streams and to specify how the data is to be subdivided, synchronized,and merged. There are a number of these libraries available that are designed for object-oriented, data-parallel, and parallel file implementations (for example,˚[7, 9, 15, 17, 20,21, 24, 31, 34, 35, 37, 40, 42, 47, 48, 54-56, 58, 59, 63, 66, 75, 79, 82]).When this library-of-functions approach is taken, it is important to note that the parallelbehaviour is still directly coded into the program by a user. Any changes to the I/O or theparallel computation behaviour are reflected by modifications to the code. Thus, somethingas simple as integrating a new release of the I/O library could introduce errors. Since auser�s code is implemented for a particular I/O library, if a decision is made to use anotherI/O library (possibly due to moving the code to a different system), modification of the

2source code is required even though the parallel behaviour has remained the same. As aside effect of experimenting with different parallel I/O access patterns or behaviours, manylines of code must be rewritten.An alternative to embedding the parallel behaviour directly into the application is a high-level abstraction, or template, that separates the parallel behaviour from the code. Tem-plates are intended to work within the framework of a parallel programming system. Ide-ally, one would designate an I/O stream as having a specific parallel behaviour and the PPSwould correctly parallelize all the sequential I/O calls that use that stream. This abstractionmechanism is beneficial since:• Parallel I/O and computational behaviours are encapsulated into an easy to under-stand set of templates.• The user specifies what parallelism is needed while the template determines howthe parallel behaviour is implemented. This can result in different solutions for thesame parallel behaviour, depending on the underlying architecture or low-levelsoftware libraries.• Parallel behaviour can be changed with minimal or no changes to the user code.• Because the computational and I/O templates are integrated, optimizations betweenthe different parallel behaviours are possible at both compile and run time.• Templates provide a quick first-draft of a solution that can be incrementally refined,depending on a user’s expertise.• Correct parallel behaviour and implementation for the template are guaranteed.• The performance of templates can be comparable to hand-coded solutions. The programmer uses the PPS to produce a parallel application by supplying the sequen-tial code for the parallel algorithm. The parallelism is described by selecting templates ofpredefined parallel behaviours for parallel computation and I/O and associating specificfunctions or variables to different templates. The PPS stores these templates separate fromthe user�s code. The templates and the user�s code are then processed by the PPS to gener-ate code to perform the parallel behaviour. This machine-generated code is linked with thenecessary run-time support libraries to generate an executable for a specific target architec-ture. This is repeated if more than one type of architecture is being used (different I/O im-plementations could be used that are transparent to the program). At run-time, the PPS isresponsible for starting, monitoring, and terminating the parallel application.For example, consider an application that has one of its I/O descriptors annotated to usea particular parallel I/O behaviour. The PPS analyses the source code for instances of theparallel file descriptor and modifies any code necessary to ensure the correct parallel I/Osemantics (as defined by the template). If a user wishes to change the parallel I/O behav-iour, a different template is specified and the PPS regenerates the code to implement the newbehaviour. The strength of this approach is that different parallel I/O behaviours are speci-fied by changing templates � not user code.Szafron and Schaeffer examined the useability of several parallel programming sys-tems˚[73]. They found that using computational templates to create parallel applications isbeneficial. The user code is significantly reduced and the application is up and runningmuch sooner since the templates are correctly implemented for the selected parallel behav-iour. The drawback to templates is that there can be a slight performance penalty (i.e. lessspeedup). The work presented in this dissertation extends these results from computationaltemplates to I/O templates and provides experimental validation.There are two perceived disadvantages to using such a high-level abstraction mecha-nism. First, there is the loss of direct control by the user since a high-level abstraction issupposed to shield a user from many of the low-level details. Second, the performance of

3the application might not be as good as the hand-crafted application since the abstractiondeals with the general rather than the specific details of the problem.This first point is resolved by creating a base set of templates with user-adjustable at-tributes that can be composed into more complex behaviours. If more hands-on control isrequired, a user can change the attributes of the template (but not the code) to customize theapplication. The combination of simple base behaviours and adjustable attributes, coupledwith the ability to be composed to build more intricate behaviours for greater complexity,provides a rich set of specifications for most parallel applications. The simple program-ming model, the short time to draft a working application, and the independence from im-plementation details typically outweigh the restrictions imposed by working within a tem-plate framework.The second concern is more serious since, to many people, performance is the onlyevaluation metric. While this dissertation primarily addresses the software engineeringbenefits of template I/O, the performance of this system is shown to be comparable tohand-coded, tuned implementations. Since template I/O offers significant software engi-neering benefits, users should only consider hand-coded solutions if they are convincedthat additional performance gains are possible. The possible performance gains may beoffset by the cost of the additional effort required to implement, debug, and test their cus-tom solution. An alternative approach for the advanced user could be to tune and modifythe code generated by the PPS since many PPSs use source-to-source translation.The system proposed in this dissertation is called Parallel Input/Output Templates(PI/OT, pronounced pilot). It introduces a high-level, top-down approach to parallel I/O. Auser is able to separate the parallel behaviour from the physical I/O specifications. Changesto either the parallel computations or the parallel I/O are not embedded in the user�s sourcecode. A source-to-source translation tool (precompiler) takes the specifications and createsthe necessary modifications to the source code to create the required parallel behaviours. Atrun-time, PI/OT implements the parallel behaviours. Since PI/OT is intended to be integratedwith the parallel computations, optimizations such as prefetching, declustering of data, orreplications of data files can be done dynamically.The rest of this chapter is as follows: Section 1.1 presents an example that illustratessome of the complexities of parallelizing I/O. Section˚1.2 lists the contributions of thiswork to Computing Science. Section˚1.3 describes the layout of this thesis.1.1 A Simple ExampleThis section presents a simple example that illustrates some of the obstacles fundamen-tal to parallelizing sequential I/O. The parallel program that is derived in this section is notan example of how the parallelization would be accomplished using templates. The exam-ple is intended to show the kind of code a user would need to provide if the parallelizationwas done by hand. Alternatively, it shows what kind of code must be generated if tem-plates are used.Figure 1-1 shows the sequential C code for this example along with a sample input fileand the corresponding output file. The sequential program opens two files, one for readingand one for writing. The program reads integers from the input file, and for each integer,outputs a line to the output file that contains multiple copies of that integer. The input fileconsists of a series of ASCII character representations of integers, separated by new-linecharacters and terminated by an end-of-file marker. The output file can be viewed as a se-ries of variable length character records separated by new-line characters.This example is a simple one but it illustrates that the following basic considerationsmust be made when converting from sequential to parallel I/O:• When a file is opened by multiple processes, an access mechanism must be speci-fied. The three common access mechanisms are: independent, shared, or seg-

4mented˚[23]. Independent access requires that each process have its own inde-pendent file pointer without any synchronization between processes. Shared ac-cess means that movement of the file pointer by one process affects the file pointersof the other processes. Segmented access implies that the processes access mutu-ally exclusive regions of the file with their own file pointers. The user�s code mustbe changed so that the access mechanism is explicit when a file is opened.• For each parallel access mechanism, there are different criteria for checking the end-of-file condition and different actions must be taken to close the parallel file. Thesedifferences must be reflected in the user�s code.• Access synchronization must be specified. For example, to prevent unwanted in-terleaving of I/O operations by different processes, blocks of I/O statements mustbe identified in the code and would be considered as an indivisible or atomic I/Otransaction. In addition, some synchronization may be necessary between transac-tions.• The format of a file may need to be changed to support a particular parallel accessmechanism.#include <stdio.h>Parent( int argc, char **argv ){FILE *fin, *fout ;fin = fopen( argv[1], �r� ) ;fout = fopen( argv[2], �w� ) ;while ( ! feof( fin ) ) {Child( fin, fout ) ;}fclose( fin ) ;fclose( fout ) ;}Child( FILE *fin, FILE *fout ){int i, num ;fscanf( fin, �%d�, &num ) ;for ( i = 0; i < num; i++ ) {fprintf( fout, �%d˚�, num ) ;}fprintf( fout, �\n� ) ;}Sample input file: 3 6 12 9Sequential output file:3 3 36 6 6 6 6 612 12 12 12 12 12 12 12 12 12 12 129 9 9 9 9 9 9 9 9Figure 1-1 � An example program with sample sequential input and output files.

5These considerations are not intended to be exhaustive. They are given here to show thateven a simple program requires extensive modifications when its I/O is parallelized. Thegoal is to generate these modifications automatically, using parallel I/O templates.A natural parallelization of the program in Figure 1-1 has the Parent function and mul-tiple copies of the function named Child each executed by its own process. Figure 1-2shows a parallel version of the code that accomplishes this. Aboldface font is used toidentify changes to the code. (For clarity and brevity, the code for spawning remote proc-esses, marshalling and demarshalling of parameters and explicit process communication isnot shown.) Only two constraints are placed on the parallelization. The input file may onlybe read once by the user�s code to avoid the duplication of work. The output of eachChild function may not be interleaved with the output from any other. For example, it isnot necessary for the 3s to be printed before the 6s. However, the 3s must appear on aseparate line from the 6s.The Parent process opens the input and output files using a generic parallel libraryfunction par_fopen. The extra parameters indicate the parallel access mode of the file(parMode) and the processes that will collectively share this parallel file (parGroup).These grouped processes that share this parallel file may be composed of subgroups withinsome hierarchy. This would reflect the synchronization and coherency restrictions imposedby the computational parallelism. The par_feof function uses the parallel access mode set in the par_fopen function todetermine whether the end-of-file condition has been met. For example, if shared file ac-cess was selected, then par_feof will be true whenever any Child process encounters anend-of-file condition. If independent file access was selected, then par_feof will be true#include <stdio.h>Parent( int argc, char **argv ){par_FILE *fin, *fout ;fin = par_fopen( argv[1], �r�, parMode, parGroup ) ;fout = par_fopen( argv[2], �w�, parMode, parGroup ) ;while ( ! par_feof( fin ) ) {/ * * Wrapper function to send a message to remote process * executing Child */par_Child( fin, fout ) ;}par_fclose( fin ) ;par_fclose( fout ) ;}Child( par_FILE *fin, par_FILE *fout ){int i, num ;par_fscanf( fin, �%d�, &num ) ;par_IOstart( fout ) ;/* Start I/O transaction */for ( i = 0; i < num; i++ ) {par_fprintf( fout, �%d �, num ) ;}par_fprintf( fout, �\n� ) ;par_IOend( fout ) ;/* Stop I/O transaction */}Figure 1-2 � A parallel version of the example sequential code.

6only when the Parent’s file pointer reaches the end-of-file mark. In this program, that willnever occur since the Parent never moves its file pointer. If segmented access is selected,Parent moves its own file pointer forward one segment at a time as it calls its children. Inthis program, par_feof will be true when it passes the last segment to a child.The �glue� function, par_Child, contacts a remote process to execute the Child func-tions. This function passes the appropriate parallel file descriptors to the remote Childprocesses. Finally, the par_fclose function closes the file using the correct parallel ac-cess mode to dispose of the appropriate file pointers. Closing a parallel file blocks the exe-cution of Parent until all outstanding Child processes have finished with the file.The fundamental problem of parallel I/O programming is that multiple processes share acommon resource. One of the consequences of this is that a user cannot assume a consis-tent I/O state between successive operations unless accesses are synchronized. Even usinga parallel I/O library, a series of output operations would be interleaved unless the I/O li-brary is informed that a succession of I/O actions are to be done as one transaction. Theoutput operations in the Child function are a perfect example of this situation since the userwants all of the 3s to be output together on a line with all of the 6s on a different line.There are four approaches to solving this transaction problem. In each case, the assump-tion is made that a single parallel I/O operation is atomic and it is necessary to build theseinto larger atomic transactions.In the first approach, each line is printed in a single I/O statement. However, since thenumber of output operations for each line is variable, each I/O operation will explicitlywrite to a memory buffer each time through the for loop and then explicitly write the bufferto the file at the end of the loop. That is, each process prints to a buffer using sprintf in-side the loop (advancing the start of the buffer pointer over the previous I/O statement) andthen put the memory buffer to disk using fprintf outside the loop to write the entire line.In the second approach, an atomic block of output operations is explicitly identified tothe parallel I/O system. This choice is presented in Figure 1-2 by the par_IOstart andpar_IOend functions around the atomic I/O operation.In the third approach, each remote process gets a block of the file to which it has exclu-sive access. Each process can then concurrently write its output without fear of interfer-ence. However, this approach is complicated if variable-length output records are needed,unless the block size can be easily determined in advance of using the block (either by staticanalysis or dynamically).In the fourth approach, each remote process writes to a local scratch file; after the trans-action is finished, the file contents are returned to the parent to be integrated into the masterfile. This approach is similar to the first approach, except that it is intended to be managedby a parallel I/O system instead of being the explicit responsibility of the user.In addition to a mechanism to delimit atomic I/O transactions, it is often necessary tospecify the synchronization of I/O primitives themselves. For example, the par_fclosefunction cannot actually close the file until all Child functions have finished with the file.Code must be written in the par_fclose function to perform this synchronization.Sometimes the structure of files must be changed to support a parallel access mode.For example, if segmented access to the input file is desired for the program in Figure 1-2,then fixed length records would be easiest to support. One way to do this would be tostore the integers in binary format instead of ASCII format. Alternately, if ASCII format isnecessary, then a fixed number of characters must be specified for each integer. This hasthe disadvantage of restricting the range of the input data, say from -999 to 9999, if fourcharacters are used. Similarly, if segmented access to the output file is used, a fixed sizeline for the output file would be required as it is difficult to predetermine the size of a par-

7ticular line or file segment. Consequently, the file would be padded with blank or nullcharacters.It is clear that even a very simple program requires extensive modifications to parallelizethe I/O operations. As Chapters 3 and 4 will show, templates provide a good mechanismfor generating much of this tedious code automatically, while Chapter 5 demonstrates thatthe template approach can provide reasonable performance.1.2 Contributions This thesis makes the following research contributions:• This work demonstrates that parallel I/O specifications can be separated from thesequential functions. That is, PI/OT keeps the standard sequential interface used forinvoking any I/O operations in the user�s code and describes, independent of theuser�s code, what parallel I/O behaviour(s) are needed. At compile and at run-timethese specifications are used to identify and implement how the parallel behaviourswill interact with the application and its environment.• By separating the I/O and computational parallelism from the sequential code, it ispossible to support optimizations and adaptive behaviours by using the capturedknowledge of all the parallel behaviours, both at compile time and at run-time.• This work demonstrates that there are significant software engineering benefits toI/O templates including: less code, rapid prototyping, and fewer errors. As well, itdemonstrates that I/O templates can generate code whose performance is compara-ble to hand-coded parallel I/O.• By identifying the components that interact between the computational and I/O par-allel behaviours, this work shows how optimization and run-time characteristics arehandled in a more automatic and efficient manner.• This work provides a contribution towards automatic parallelization by the success-ful separation and integration of the various parallel behaviours.1.3 Document StructureThis chapter outlines the motives for this research and describes the goals and scope ofthe thesis. The example (Section 1.1) illustrates the complexity of parallelizing the compu-tational and I/O aspects of even a simple application. Chapter˚2 provides a summary of therelated work used to develop the model presented in this dissertation. Chapter˚3 presentsthe parallel I/O model used for PI/OT. Chapter˚4 discusses the implementation of the modelin general terms as well as a specific implementation within the Enterprise parallel pro-gramming system. Chapter˚5 compares the performance of the Enterprise version of PI/OTagainst the equivalent implementations using PIOUS˚[57], a low-level parallel I/O system.This chapter also explores the composability and useability of the templates to constructmore complex I/O patterns with two different parallel computational models. Chapter˚6describes some user and system optimizations and extensions that are possible, along withfuture research directions. Finally, Chapter˚6 summarizes the contributions of this workand presents conclusions.

8Chapter 22. The Current State of Parallel I/OThis chapter presents a summary of the body of work that was used to inspire the spe-cific approach to parallel I/O proposed in this thesis. In Section˚2.1, some of the specificterminology used in this dissertation is defined. The balance of this chapter presents a re-view of the current state of parallel I/O research as it relates to this dissertation.The current state of parallel I/O research can be divided into three parts: characteriza-tion, actual parallel I/O systems, and integration with a parallel programming system. Aproblem must be characterized and studied before any solutions can be examined. ParallelI/O systems are derived from the results of characterizing problems. How are these I/Osystems integrated into the computational mechanism? Or, are they stand-alone parallel filesystems? If a given system has chosen to ignore the UNIX interface and sequential filesystem, what must the user do in order to cross the boundary between parallel and sequen-tial I/O? Parallel I/O solutions need to be integrated into the existing parallel computationalsolution. That is, I/O and computation must be considered in tandem. How easy is it for auser to make changes to either the computational or I/O parallelism without making signifi-cant changes to the other? This is an important question if the system is to react dynami-cally to changes in the network, processors, and file-systems.Section 2.1 introduces specific definitions to some of the terms used in this work. De-pending on the reader�s background, a specific term may have different meanings. Theintent of this section is clarify understanding by providing a single definition. Section 2.2summarizes the characterization of parallel I/O as well as some attempts to parallelize theI/O in various real applications. Section 2.3 characterizes the current state of parallel I/Olibraries. Section˚2.4 discusses the use of a separate file system to efficiently implement adesired parallel behaviour. However, utilizing the existing sequential file system by coor-dinating access may be equally efficient and has the added benefit of not requiring the du-plication of files or pre- and post-processing of the data files. Section˚2.5 examines theobject-oriented approach to parallel I/O. Section 2.6 describes the current state of parallelprogramming systems. The complexity of implementing parallel I/O implies that there mustbe cooperation with parallel computational systems. How these existing parallel computa-tional systems support parallel I/O is examined. Section˚2.7 presents four issues for par-allel I/O. Finally, Section 2.8 provides a summary of this chapter.2.1 T e rminologyTemplates have been used to express parallelism in many parallel programming systems(PPS). For example, templates have been used to express the computational parallelism inEnterprise˚[70], HeNCE˚[5], and P3L˚[3] and to define data parallelism in High Perform-ance Fortran (HPF)˚[41]. Templates are pre-defined behaviours with a well-defined inter-face that allow the user to express to the PPS what is needed while the PPS can determinehow to implement the behaviours. Typically, templates are used to express simple behav-iours that can often be composed to represent the complex behaviours of an application.The well-defined interface allows the PPS to interact with the different templates to deter-mine how exactly the complex behaviour is implemented.Parallel templates should not be confused with C++ templates. Although TPIE˚[82] andMentat˚[33] use C++ templates to express parallel behaviours, in this thesis, templates donot imply a C++ language binding unless explicitly noted.

9I/O and computations are inextricably tied in an application. The traditional view of thetemporal ordering of data input, computation, and data output must still be respected whenentering the parallel domain. This ordering may be necessary for program correctness. Toa user, the order in which statements are executed often determines whether the programperforms correctly. If the I/O operations in a parallel program must occur in exactly thesame order as the equivalent sequential program, the I/O is defined to be in sequential or-der.However, in parallel programs, users may specify several levels of acceptable behav-iour depending on the application�s requirements. These levels are due to the degree ofconcurrency now available to the application. Recall the example program given in Sec-tion˚1.1. The sequential version of the program opened an input and an output file, thenrepeatedly read in integers and output variable length character strings until the input filewas exhausted (EOF was reached). When the application was parallelized, one of the con-straints was that the entire output line for a given input was to be considered as one atomicI/O operation even though multiple I/O operations were needed to create it (the for loop).However, the order of the lines themselves was not important. In this case, the sequentialordering was relaxed to a serialized order in which atomic blocks could be output in an ar-bitrary order.The input file had the constraint that the data must be read once, regardless of howmany processes accessed the file. By segmenting the file, many processes could independ-ently read different parts of the input file concurrently. Such input is called chaotic as noprocess ordering is needed to access a file segment.All of these input and output access patterns are correct according to the user con-straints. However, the implementation of these patterns is complicated by the computa-tional parallelism and the run-time environment. For example, the number of cooperatingprocesses and the physical location of the data files will affect the overall performance.From a parallel I/O viewpoint, the access patterns (chaotic, serial, and sequential) can beviewed as a level of �correctness� since they define progressive restrictions on I/O behav-iour.Sequential correctness is the most restrictive access pattern with I/O operations pro-ceeding in the same order as the sequential application. Significant synchronization is re-quired, with a corresponding reduction in concurrency. Serial correctness implies thatthere are blocks of work to be done but that the order of the blocks is not important. How-ever, each block of work has its own internal view of correctness that is irrelevant outsidethe block. For example, some blocks may be sequential and others might be serialized.The chaotic level is a complete relaxation of ordering where the program executes withminimal (if any) synchronization.Regardless of the level of correctness, multiple concurrently executing processes re-quire a user (or some intelligent agent) to implement synchronization mechanisms to ensurecorrect parallel behaviour. Example mechanisms are: barriers to ensure all processescomplete a certain task; rendezvous to coordinate senders and receivers; and sema-phores to indicate exclusive access. The user is responsible for specifying the desiredparallel behaviour and the level of correctness for the application. However, the PPS is re-sponsible for implementing the synchronization. The PPS resolves the different parallel re-quirements of the application to produce an overall parallel behaviour. These requirementsinclude the computation, the I/O, and any global or shared memory.From a parallel I/O perspective, there are two aspects to an application�s parallel be-haviour � static and dynamic. The static (or compile-time) component identifies all possi-ble cases where a parallel file pointer is used, determines which virtual processes share thefile, and resolves the boundaries defining a given I/O transaction. The dynamic (or run-time) component decides which physical processes share the parallel file, how much opti-

1 0 mization (for example, prefetching or caching) can be done, and exactly how much of thefile is shared, locked, or modified.Computational parallelism has an effect on the I/O behaviours. This can be seen in thesimple case where an application stays in a loop that inputs data, performs a computationand outputs data until some exit condition is met. If the loop is parallelized to use concur-rent processes, a user may want to avoid reading the same input data more than once andmay demand no interleaving of output lines. Synchronization and coordination of the inputand output streams are needed. If an application splits a computation into several parts allrunning concurrently, the layout of the data in the file may require the user to impose barri-ers to prevent the application from reading or writing to the wrong part of the file.Changing the parallelization behaviour of the I/O can also affect the efficiency of thecomputational parallelization. Whether these effects are positive or negative, they cannot beignored. If the parallelization details can be separated from the computational requirements,the parallel details can be separated from the sequential I/O calls. The overall motive is toensure that positive results are possible.2.2 Parallel I/O CharacterizationThe basic types of parallel I/O are still the same as when Crockett˚[23] characterizedthem � global, segmented, and independent. However, optimizations for specific archi-tectures and algorithms can be used to create specialized solutions (for example, strided in-terfaces, and disk striping). Nevertheless, integration of the parallel computation, run-timesupport libraries, architecture, and network characteristics are essential to provide a goodgeneral parallel I/O solution. Aclearer understanding of these relationships permits theprogrammer to create efficient parallel applications.Various papers have discussed the optimization of an application�s I/O. Most of thesepapers concentrate on specialized architectures (such as Hypercube, CM-5, and SP-2) andtheir associated custom I/O software. The network configuration is largely ignored exceptto note that it should be as fast as possible, dedicated only to the application, and that fullyconnected processors are desirable. The capacity and speed of the communication networkare perhaps the dominant considerations in determining the best solution for a given appli-cation. That is, a slower network solution can trade the speed of locally cached data filesagainst the complexity of ensuring cache coherency. Alternatively, a large number of con-current processes sharing access to a given file can make the cache coherency solution tooexpensive.I/O optimization can be approached from several directions. One way is to examinetraces of �real� applications running on existing systems˚[22, 60, 67, 76, 77]. From thesetraces, a file system designed to optimize parallel I/O can be developed or tuned for thegiven system and application suite. Another approach is to create a set of test applicationsto characterize the best I/O configuration for a given machine˚[32]. The user can then en-gineer the application to take advantage of a particular configuration. Amore general ap-proach takes an algorithm and documents the steps necessary to maximize throughput, irre-spective of the architectural platform. There are three problems with these approaches. The first is to get all of the users tocooperate with the study. If a computational platform allows users to run their applicationsconcurrently, uncooperative users could contaminate the traces by consuming some of theplatform�s capacity in an unknown fashion. The second is to ensure that there is enoughvariety in the applications to draw useful generalizations from the study. The third is todetermine whether the stability of the machine(s) and software available impose constraintson the potential solutions. Typically, the �best� solution is a compromise between the ex-isting software and hardware and the amount of the programmer�s time available to developan acceptable solution. As well, the run-time environment may indicate that the optimal

1 1 algorithmic solution with the system under heavy load is not optimal when the system islightly loaded.For example, Nieuwejaar and Kotz˚[60] studied traces of existing applications on vari-ous parallel systems. From their data, they determined that regular steps or strides throughdata are common. Consequently, they have developed strided and nested-strided inter-faces˚[58] which have led to the Galley File System˚[61] and the disk-directed I/O pro-posal for parallel I/O˚[47].Womble et al.˚[85] examine the LU decomposition algorithm executing on a Paragonand an nCube. One of their conclusions is that having background I/O to overlap computa-tions is an important component of a parallel file system. As well, a partitioned file systemis important for high-performance.Acharya et al.˚[1] chronicles the steps needed to parallelize the I/O in four applicationsthat have overall I/O requirements of between 75MB and 200GB on an SP-2 with a high-capacity I/O system. Three of the applications were tuned to get much better throughput.They found that complicated I/O interfaces, such as strided I/O requests, were not alwaysthe best answer. The need to modify code, to use local disk storage where possible(avoiding congestion on the network), and to have the knowledge of future I/O requests(when to prefetch) are sufficient to give significant improvement to throughput andspeedup.These four applications were tuned using the Jovian-2 parallel I/O system which, unlikeits predecessor Jovian˚[7], is a multi-threaded client-server system with a simplified inter-face similar to the POSIX lio-listio interface˚[43]. This allows multiple I/O requests tobe issued with one call. The rewrite of Jovian was indicated after the collective I/O inter-face did not work well with real applications.Different researchers have drawn different conclusions from their characterization ef-forts. Conclusions differ according to the extent of the modifications to the user�s codenecessary to �simplify� the parallelism and according to the nature of the applications beingparallelized. Simplifications are certainly useful, but at what cost to developing real appli-cations?Characterizing well-understood parallel applications and algorithms under controlledconditions facilitates development of optimization techniques. However, the study of theI/O complexity of a task requires that many components be held constant. For example,having a homogeneous architecture and network, or generating the parallelism with explicitknowledge of future requests, is not always possible. Parallel programming systems try toshield some of this heterogeneity from the user. Can the abstraction techniques used bythese PPSs be utilized by parallel I/O templates?2.3 Parallel I/O InterfacesParallel I/O interfaces can be roughly divided into two groups: virtual parallel file sys-tems (which are addressed in this section) or real parallel file systems (Section 2.4). Vir-tual parallel file-systems reside within the conventional UNIX file system. Within thesedivisions, there is the library approach of separate function calls (as discussed here) and theobject-oriented approach (Section˚2.5). Many systems leave the user to specify the desiredparallelism and to coordinate the synchronization. This puts the user in the position of en-coding the I/O parallelism directly into the application. Changes to either the computationalor I/O parallelism may then require extensive code modifications.Four representative virtual parallel file systems using this library-of-functions approachare presented in the following sub-sections. They are PIOUS, MPI-IO, CUBIX, and CHIMP.

1 2 2.3.1 PIOUSParallel Input/OUtput System (PIOUS)˚[57] provides parallel I/O operations for proc-esses using PVM communication primitives. The basic principles of PIOUS are that it uses anasynchronous model with independent individual servers, data declustering for scaleableperformance, and network transport and native file system independence to enhance port-ability. Each client uses a special library of functions to translate file operations into servicerequests with the various PIOUS data servers.PIOUS has a single service coordinator that initiates major system events such as openinga file by a client. The service coordinator deals with the meta-data and not the actual fileaccess. Each processor involved in the declustering of the data files has a data server thatacts independent of all others, enhancing scalability. Ideally, the servers access local fileson disks physically connected to the processor, but a network file system does not pose aproblem. The server does not interpret the byte stream, but leaves that up to the user. Se-quential UNIX files must be imported into the PIOUS system before any of the parallel I/Ofunctions can work with the data. Similarly, after the application is finished, the PIOUS filemust be exported back to the sequential UNIX file system before processing by non-PIOUSapplications.The parallel I/O operations are done as transactions to provide sequential consistencyfor the user. There are two different transaction types: stable and volatile. Stable transac-tions guarantee that coherency is preserved in the case of a system crash. Volatile transac-tions do not guarantee coherency if a system crash occurs, but they do provide high per-formance.PIOUS is based on a parallel access object, parafile. Each parafile is logically onefile, but it is composed of physically distinct segments. The segments are set at the time ofcreation and cannot be changed. The parafile is globally named within the PIOUS system.PIOUS only supports an uninterpreted byte stream. Where the I/O is done in an environmentconsisting of heterogeneous computers, the files must be stored in universal data represen-tation (UDR) format. Work is being done on storing record formats for these types of files.An I/O operation is usually considered as one transaction. For more complicated trans-actions, the user can explicitly start, end, and abort a transaction composed of multiple I/Ooperations.There is a clear separation of parallel and sequential I/O in PIOUS. The user must explic-itly encode all the parallelism into the code. This is consistent with the PVM philosophy ofproviding a basic set of tools for the user to construct parallel applications. Adrawback tothis library-of-functions approach is that changes to the computational parallelism in thePVM application are not recognized by PIOUS.2.3.2 MPI-IOMPI-IO˚[20] started as a separate entity from MPI˚[83] but has since been integrated intothe MPI-2˚[53] proposal. The MPI-IO working group decided to provide a complex interfaceconsisting of more than 45 I/O related functions. This complexity reflects the desire of thegroup to keep each function simple and focused on one parallel I/O task. Initially however,this plethora of choices appears daunting to the user.The MPI-IO system supports two kinds of parallel I/O operations � independent andcollective. The coordination of a file is limited to the members of the communication groupused to open the file. An independent I/O operation does not coordinate with any othermembers of the communication group. However, if the user selects a collective I/O opera-tion, all members of the communication group must participate. The completion of the callby one process does not mean all processes have started or completed the call. Each proc-ess is free to intermix individual or collective I/O operations.

1 3 The MPI-IO system maintains two file pointers. One file pointer is local to the process.The other is global and is shared between all members of the communication group. Thereis a collection of I/O routines which use the shared file pointer. Use of the shared filepointer leads to the serialization of multiple calls with non-deterministic results.In MPI-IO, the contents of a file are specified by an MPI derived datatype � an etypelist. The etype list is a description of the fields of data stored at specified offsets. Thus,�holes� in the data stream are possible. When opening a file, the user specifies an absolutedisplacement in bytes from the beginning of the file. Subsequent access is defined by thetwo etype lists: filetype and buftype. The filetype describes the disk layout of thefile either partly or completely. The buftype list describes the layout in the application�smemory buffer for each read and write operation. The displacement, filetype, andetype can be changed later to access different parts of the file. This may appear confusing,but it makes sense from a parallel programming viewpoint. Auser defines different I/Obehaviours or data views within the code. There is no support for the concept of transac-tions in MPI-IO. Each I/O function is considered atomic. A developer is expected to use thegeneral MPI system to synchronize if an I/O operation takes more than one function to com-plete. It is considered an error if a file is opened for shared or collective operations by in-dividual processes using different disk layouts. At the time of writing, there are two alpha releases1 of MPI-IO but they are incompleteand are based on earlier releases of the design document. It is not clear when a more robustand complete version of MPI-IO will be released, especially since it is now being integratedwith MPI-2. The main drawback of MPI-IO is that it is attempting to create a standard that encom-passes C, C++, FORTRAN, and FORTRAN 90 language bindings. Each of these lan-guages approach I/O differently. C views I/O as a stream of bytes and imposes structurefrom within the application. FORTRAN has fixed or random sized records. C++ (object-oriented) has each object interpret a stream of bytes. Normally, complex objects tell theirsub-objects to read in data from the disk. This leads to the I/O being distributed throughoutthe code and having finer granularity. By trying to create a standard for all, it is likely thatonly a common unsatisfactory subset will emerge. It is not clear that leading research bydeveloping a standard is the best approach at this point. Clearly, a standard will be useful� eventually. However, this area of research is still in a state of flux and standards at thistime would likely inhibit the introduction of alternate solutions.2.3.3 CUBIX I/OThe CUBIX I/O model˚[29, 69] defines two types of streams. The first is the traditionalsingle stream mode while the second addresses the concurrency found in parallel applica-tions. The user can explicitly switch a file stream between single and multiple mode.The CUBIX model is based on loose synchronicity and rank ordering of the processors.This ranking provides an access ordering to the file. There are two access methods. Insingle mode, all clients execute the same file function with identical data and only one ar-bitrarily selected client�s data is transferred. The multiple mode occurs when all clientsexecute the same file function with differing amounts of data. The order of transfer to orfrom the file is determined by the node identifier ranking (lowest to highest). One limitation of the CUBIX I/O model is that all processes must execute the same I/Ofunctions at the same time and block until a lower ranked node has released the stream toproceed. Reordering of the data file may be required. The example shown in Figure 2-1illustrates this point.

1 IBM: http://www.research.ibm.com/people/p/prost/sections/mpiio.html andNAS: http://lovelace.nas.nasa.gov/MPI-IO/pmpio/pmpio.html.

1 4 In this example, the function, ParFunc, is replicated four times (i.e. there are fourprocessors executing ParFunc concurrently). In the sequential version, this function iscalled four times. The table shows the values of the variables i and j, depending onwhether the function is run concurrently using CUBIX I/O or not. All four processes executethe first scanf and, once done, all four do the second scanf. To get sequential results inthe parallel version either the data file must be reorganized to reflect the parallelism, or thetwo read statements must be consolidated into one read operation.Express˚[27] uses the CUBIX model to help the user partition data files˚[63]. There arethree I/O abstractions: one process for multiple channels, multiple processes for multiplechannels, and multiple processes for a single channel. Express depends on the user to ex-plicitly insert additional I/O function calls for the parallel behaviours. The user defines howa group of processes will partition the data file. By using the Express functions to definethe partitioning, the I/O subsystem re-aligns itself with the processor mapping. The endresult is that the user�s conventional I/O calls operate normally.LAM˚[62] is a distributed memory, multiple-instruction-multiple-data (MIMD) pro-gramming and operating environment for a network of heterogeneous UNIX workstations.It is a subset of the TROLLIUS˚[11] system that provides parallel support for dedicated proc-essor systems. LAM supports parallel I/O based on the CUBIX file access model. LAM dif-ferentiates I/O insofar as there are separate I/O functions for CUBIX and non-CUBIX (UNIX)operations. The UNIX version has each process write directly to an I/O stream with nosynchronization. The LAM system supports MPI, PVM, and its local message passing func-tions. The user is still expected to write parallel code by using the low-level library func-tions.2.3.4 CHIMPCommon High-level Interface to Message Passing (CHIMP)˚[18] is a parallel pro-gramming environment similar to LAM. The Parallel Utilities Libraries (PUL)˚[10] are builton the CHIMP base. Two of the relevant libraries support parallel I/O and parallel data man-agement. There are two PUL utilities for parallel I/O operations and two for parallel datamanagement.The first utility is a Global File utility, PUL-GF˚[13], which provides access arbitrationfor a group of processes with a common shared file. GF provides the C stdio functionalityof structured and unstructured access to shared files. There are four modes of access.Two modes, single and multi, behave similarly to the CUBIX˚[63] model discussed in theprevious section. The random mode allows processes to independently access arbitrarydata using a global file pointer. The independent mode gives the processes a local filepointer. Modes can be changed dynamically. The current implementation is a client-serverarchitecture providing non-blocking I/O operations that let computations overlap with theI/O operations.The second parallel I/O utility is PUL-PF˚[15], or Parallel File system. PF is intended toprovide a transparent, efficient, and portable interface to parallel disks. The developers ofSequentialParallel(4˚processes)ijij1215342656377848ParFunc( ){int i, j ;scanf( �%d�, &i ) ;scanf( �%d�, &j ) ;}Input: 1 2 3 4 5 6 7 8Figure 2-1 � Example for CUBIX I/O.

1 5 PUL-PF feel that the conventional UNIX byte stream model is obsolete. An application datastructure is used to control file access operations. The distribution of the file data is done ata user-defined record level using an I/O atom of possibly variable length. There are datadistribution strategies available to the user that permit the optimization of I/O depending onthe problem and architecture available.PUL provides parallel data management that addresses the performance of applicationswith regular local operations over large data sets, such as computational fluid dynamics orseismic data processing. Data is distributed and processed according to the owner com-putes rule. That is, the owner is responsible for boundary data consistency. The PUL-RD˚[14], or Regular Domain decomposition utility, has operator stencils (similar to tem-plates) to calculate the inter-process communications between boundary updates. The userhas the option of blocking on I/O or overlapping computation with I/O operations. ThePUL-SM˚[80], or Static Meshing utility, supports irregular mesh-based problems that sufferfrom load imbalance and need dynamic reconfiguration. The SM utility supports two andthree dimensional meshes, ensures consistency of data boundaries, and provides data mi-gration.CHIMP and PUL are based on MPI. It is interesting to note that a user can abstract applica-tion requirements by assigning parallel templates or meshes to data sets. However, theuser�s code still contains the explicit parallelism. As well, the developers have abandonedthe traditional UNIX byte stream model. This forces a user to redesign an application be-fore using this system if the application used UNIX semantics. There is also the differen-tiation between a general network file system and a specialized parallel file system. Cross-ing this boundary is neither transparent nor trivial.2.4 Parallel File SystemsSection 2.3 looked at I/O libraries that provide a virtual parallel file system. However,a real parallel file system is another alternative. Five representive systems are presentedhere. The last of these systems is more than a parallel I/O library but less like a parallel filesystem. VESTA˚[21, 26] uses a two-dimensional file layout and a client-server structure to con-trol accesses to parallel files. It defines a basic striping unit (BSU) with I/O processesmanaging multiple BSUs. By managing access to stripes, concurrency of I/O operationsprovides improved throughput.The GALLEY file system˚[59] enhances the VESTA approach by providing a three-dimensional view of parallel files. A parallel file is divided into a series of distributed sub-files where each subfile is further subdivided into a number of forks. A fork is similar toa familiar sequential UNIX file. This is well suited to dynamic record sizes and applica-tion-specific clustering of data. GALLEY provides three access mechanisms to the data: asimple striding, nested striding, and an unstructured interface.The Portable Parallel File System (PPFS)˚[42] provides a portable parallel I/O library toallow a user to control file caching, prefetching, data layout, and coherence policies. Itprovides a number of predefined policies but does allow a user to define layout, access-patterns or new prefetching policies.The VIrtual Parallel File System (VIP-FS)˚[35, 36] is a layered approach to parallel I/O.The local file systems are connected by I/O processes that cooperate with the Virtual Paral-lel File (VPF) layer to provide a single file image to the interface. A user can access files byconventional UNIX calls such as open and lseek. Each process in the distributed parallelapplication has complete access to the file. Auser is responsible for coordinating file ac-cess. Alternatively, the parallel file can be partitioned and mapped to the various distributedprocesses using the specialized VIP-FS function calls.

1 6 The Panda parallel I/O system˚[17] is designed for single-program-multiple-data(SPMD) scientific applications. It uses an HPF distribution schema for the data arrays witha server-directed I/O architecture. This server-directed approach allows a more controlledgathering of data chunks to take advantage of the lower cost of larger I/O operations.To summarize, all of these systems have a separately defined interface for parallel I/O.Some of the systems provide an interface that permits the user to work with the familiarUNIX I/O functions to access data. However, to stripe or distribute the data requires ex-plicit calls to specific parallel file system functions.2.5 Object-oriented Parallel I/OMany object-oriented applications could benefit from parallel I/O. Object-oriented ap-plications do not necessarily have the same I/O characteristics as a traditional high perform-ance computing (HPC) application (like computational fluid dynamics or systems of equa-tions). Typically, objects define their own I/O so that complex objects rely on the I/O op-erations of internal objects. This decentralization of I/O requires more synchronization andcoordination between processes and the file system(s). For example, one approach couldcache I/O blocks into local memory to amortize the cost of the smaller I/O operations. Thetask of the PPS is to identify and extract or merge the correct data block.Three representative object-oriented parallel I/O systems are presented.The Mentat group˚[33] has implemented the ExtendibLe File System (ELFS)˚[34].ELFS is designed so that a user implements a file system optimized on a class by class basis.Prefetching and caching strategies, as well as striping and partitioning across multiplephysical devices, are supported. The consistency semantics for a given class may be re-laxed from the strict UNIX semantics of immediate visibility after a write operation. It isboth an advantage and a disadvantage of ELFS that a user must define and extend the parallelI/O behaviours.A Transparent Parallel I/O Environment, TPIE˚[82], uses C++ to implement parallel I/Oaccess patterns. A user builds a stream of data stored on disk. Various access patterns arepre-defined for a user to associate with a file. The intent of TPIE is to abstract the I/O de-tails, leaving a user to specify only the required I/O behaviour.The Hurricane File System (HFS)˚[48] is the parallel file system for the Hurricane dis-tributed operating system˚[81]. This custom file system allows a user to build hierarchiesof data objects that reside in memory or on disk. Because HFS is designed to work with asupportive distributed operating system, many of the data management routines (such ascache management) are part of the operating system. This leaves a user free to concentrateon higher level parallel I/O concepts.These systems still require a user to encode the parallelism into the application usingexplicit parallel functions. Also, the specialized operating system providing support for thefile system is intended for research and is not widely available.2.6 Parallel Programming SystemsParallel programming systems (PPS) are essential for developing parallel applications.Since I/O is an integral part of any application, some means of integrating and coordinatingI/O and computational parallelism is needed. This section looks at several high-level PPSSand several lower-level communication libraries used to develop parallel applications. Of-ten, a PPS or an I/O library has developed parallel I/O systems based on an underlyingcommunication or parallel computational model.Parallel programming systems can be divided into two groups. The first group usessome form of abstraction to allow the user to specify the parallelism at a high level.PAMS˚[6], HeNCE˚[4], Mentat˚[33], Enterprise˚[70], and High Performance Fortran

1 7 (HPF)˚[41] are examples of these systems. Typically, these systems use a compiler toolthat processes a user�s source code along with the selected abstractions to produce a parallelbinary. HeNCE and Enterprise use a graphical interface to let the user describe the parallelismby means of templates or pre-defined behaviours. There has been no direct effort to sup-port parallel I/O in either system. HPF has compiler directives to distribute the data. PAMSrequires the user to define the parallelism by means of structured comments. This hidesannotations from a conventional compiler so it can build sequential applications with thesame code. Mentat extends the C++ language through added key words. The user definesmentat parallel classes. By taking advantage of inheritance in C++, Mentat implementsparallel communication with the marshalling of data handled automatically.The Parallel And Scalable Software for Input-Output (PASSION) system˚[75] is acompiler and run-time library for HPF applications. Auser provides directives about datadistribution, and the compiler manipulates and transforms the source code to map the out-of-core data to disk. Because all the information about the parallel computations and I/Orequirements are available, techniques such as prefetching and collective I/O operations canbe efficiently implemented. This system does not address the problem of file access per sebut it does show the effectiveness of having sufficient information to make informed op-timizations.A data-parallel I/O system, Stream*˚[55], lets the user keep a parallel programing view(C*˚[38, 78]) and familiar C file routines. Hints are placed in the source code to distributethe I/O by specifing a shape (a physical file layout) for the I/O and identifying parallel vari-ables using that shape. These hints enable the system to partition a file for data-parallelSIMD and MIMD computations. The parallel files have an associated meta-file that de-scribes the I/O parallelism. While this system is intended for data-parallel computationsusing a specific parallel programming language, it does maintain standard I/O system calls.It gives hints to the run-time system about the desired parallelism while still giving reason-able performance.The second group of parallel programming systems provides libraries of �primitive�functions to let the user encode the explicit parallelism into the application. MPI˚[83],PVM˚[30], p4˚[12], and LAM˚[11] are examples of these systems. The user is responsiblefor all aspects of the parallelism including launch, communication, and shut-down. Typi-cally, the user writes code using a library of supplied functions and adds the appropriatelibrary at link-time.The library-of-functions approach is complicated since a user is responsible for usingthe library correctly. A user not only needs to develop a parallel computational frameworkbut also to define a parallel I/O model and to integrate the framework and model in the run-time code. Auser ends up developing a series of �glue� functions that use the parallelcomputation information to implement the desired I/O behaviours. The disadvantages arethe potential for error and the cost of learning the system.The systems that use a compiler to process the user�s code could be modified to providethe necessary analysis of the user�s code for parallel I/O behaviours. While this is fine forstatic analysis, each system would need to develop a parallel run-time I/O behaviour andintegrate it with the parallel computational behaviour. This is typically a one-time cost.With the exception of Enterprise, the above systems differentiate between the paralleland sequential behaviours explicitly in the source code. None of the systems use templatesto express parallel I/O behaviour separate from the I/O function calls. That is, none of themallow a user to develop an application using the familiar sequential I/O functions and spec-ify the parallelism separately.

1 8 2.7 Four IssuesDespite the apparent simplicity of the computational parallelism found in the exampleapplication in Chapter˚1.1, there are four issues for the application I/O that a user must ad-dress when moving to the parallel domain. These issues are not the superficial ones fromthe example of opening or closing of a file, sharing file pointers, and atomicity of I/O re-quests, but are a deeper and more fundamental set of issues.The first issue is a physical or operating system (OS) issue. The support offered byconventional mainstream operating systems is for distributed or single process applications,not parallel applications. There is a difference between a distributed application and a par-allel one. An airline reservation system is an example of a distributed application while theexample in Chapter˚1.1 is a parallel application. These operating systems, while providingI/O tools to aid a parallel programmer, do not directly support parallel applications.A user submits an I/O request to the OS as a function call. There is no direct contactbetween the process and the disk. Typically, many processes are active on a given proces-sor. These processes are themselves sharing an OS kernel data buffer consisting of severalpages of the physical file. If many processors are accessing the same external data object(for example, a distributed or parallel application), all these distinct and independent kernelbuffers must be coordinated and synchronized. If the OS does support parallel files di-rectly, the PPS or user must explicitly supply the coordination and synchronization function-ality before allowing the OS to complete the I/O operation. This may mean that the processthat issues the I/O request may not be the same process that actually does the I/O operation.The second issue is the matching of the application to the parallel I/O model. Anumberof papers have studied parallel I/O characteristics. One approach is to have a typical appli-cation suite tuned to an existing architecture and file system through analysis of physicaltraces of the I/O calls. Another approach is to document the steps necessary to parallelizethe I/O for a series of applications to run on a particular system. From these studies, op-timizations such as disk-striping, prefetching, and strided interfaces have been developed.The third issue is matching the computational parallelism and I/O parallelism. Asig-nificant collection of parallel programming systems exist that abstract the parallelism to alesser or greater extent. If a parallel I/O operation is to successfully take place, a number ofunknowns must be determined. The number of cooperating processes, which processesare actually doing the I/O, how the data is mapped to the physical file layout (overlappingor adjacent page boundaries), and what data is needed in the near future at a given process(prefetching) are just some of the information that can be supplied to optimize parallel I/Ooperations.The fourth issue is the approach taken to parallelizing I/O. The consensus appears to bethat it is preferable to have a separately defined parallel I/O interface with a distinct applica-tion program interface. This implies that the parallelism is now embedded in the applica-tion. This is a poor choice from a software engineering viewpoint since there are many dif-ferent parallel I/O interfaces. With a distinct parallel I/O interface, changes to the I/O run-time environment or switching to a different library may require user intervention. Thisintervention does not reflect any changes to the underlying parallel I/O behaviours but ad-dresses only the mechanics of how to implement the desired behaviours.The approach of differentiating between parallel and sequential I/O streams both com-plicates and simplifies the programmer�s coding strategy. It simplifies the problem sinceonly the parallel I/O is converted. The complication arises because a user must choosewhich files to parallelize and then decides on the parallel I/O model and its implementation(library) before starting to write code. Templates would allow the user to switch betweensequential and parallel I/O at any time, independent of the code. This leads to more port-able and maintainable code.

1 9 A template approach can use any low-level parallel I/O implementation that supports theexpressed parallel behaviour of the template. The basic types of parallel I/O are still global,segmented, and independent. How they are implemented, either as a library for a special-ized file system, as an operating system module, or even as hardware, is strictly a matter ofefficiency. The interface to the user must be simple but flexible enough to express whatparallel behaviour is desired for a specific application.2.8 Chapter SummaryAt present, the idea of separating the description of parallel I/O behaviour from its se-quential counterpart has not been exploited. Rather, all approaches to date have involvedthe development of a separate interface to exclusively handle the parallel I/O. The user isrequired to explicitly encode the desired parallel behaviour into the application. Some workhas been done to separate the computational parallel behaviour from the sequential code.This allows a user to easily change or test different parallel versions without major coderevisions. This chapter outlined the motives for extending this separation technique to theI/O component of a parallel application.

2 0 Chapter 33. Parallel I/O ModelIn Chapter 2, various approaches to parallelizing I/O were outlined. This chapter pres-ents the parallel I/O model central to this dissertation. The purpose of this model is to sepa-rate the I/O parallelism from the physical I/O. That is, a user specifies what needs to bedone using these templates but not how to accomplish the task. The model is implementedas a series of templates representing parallel I/O behaviours. By modifying attributes of thetemplate behaviour, the user is able to customize the template to the application in a codeindependent manner. As well, more complex I/O behaviours can be created by inheriting acaller�s I/O constraints and imposing them on top of the current I/O behaviour.The I/O model is only one part of the overall parallel programming system. While par-allel I/O does have special needs, it must be recognized that there exists an interdependencewith the computational parallelism and the physical system running the application. Sepa-rating the definition of the parallel behaviour from the source code allows the I/O and com-putational behaviours to be defined in an abstract manner. This definition allows a globaloptimization of all parallel behaviours of an application rather than a local optimization of aspecific parallel behaviour.Because of the interdependence between the parallel behaviours of I/O and computa-tion, I/O templates will need external information about the computational parallelism andthe run-time environment to efficiently perform their task. For example, the definition ofan I/O block is important. Other elements of information needed (and why) are: whichprocesses are participating in the file access (coherency and synchronization), what func-tion each process will perform (program ordering), and what work remains to be done(prefetching and clustering). Architectural information such as locations of physical filesystems, processor types, and other run-time information (like network and processorloading) is also required. The I/O templates are intended to be integrated into the parallelprogramming system. The PPS collects and manages this information for the templates atboth compile-time and run-time.Section 3.1 describes the proposed parallel I/O templates. Section 3.2 presents the readand write attributes of the model that are used to enhance performance and tune the modelfor a given application. Section 3.3 uses an example to show how templates can be used tocompose more complex parallel I/O access patterns. Section 3.4 discusses what externalparallel computation information is needed for these I/O templates. Section 3.5 summarizesthis chapter.3.1 Description of Parallel I/O TemplatesThe model currently contains five parallel I/O templates. The tree (Figure 3-1) is a classhierarchy diagram for these templates. The templates are similar to Crockett’s proposal ofindependent, segmented, and global file I/O˚[23]. Sequential I/O class behaviour is theroot of the tree. Sequential I/O has no parallel behaviour. With Independent I/O be-haviour, each participating process has its own file pointer that it can move independently.There is the potential for each process to synchronize at the beginning (starting point) and atthe end using the file pointer if the file is modified. With Segmented I/O each of theseindependent file pointers is restricted to its own file segment. With Global I/O, each ofthe sequential file pointers is synchronized with a single global file pointer. Each of theshaded parallel templates in Figure 3-1 adds synchronization constraints to these basic ab-stract parallel behaviours.

2 1 This collection of templates is not complete. As applications using the templates aredeveloped, the set can be extended if new behaviours are needed. However, it has notproved necessary to add new behaviours to the set at this point. One reason that new tem-plates have not been necessary is that the current simple behaviours can be composed to-gether to represent more complex I/O access patterns.The next five sections briefly describe the proposed templates. Each section contains adescription of the parallel behaviour and any special characteristics of the parallel behav-iours. It is important that users can easily understand the semantics of each template.Analogies are provided to illustrate the meanings of the templates. The templates are in-tended to be integrated with parallel computational templates to create a parallel application.3.1.1 PhotocopyA familiar situation arises when an author distributes copies of a paper for review. Afterthe reviewers have made their comments on their private copies, the author integrates all orsome of the changes back into the original document. This may take several iterations. Aphotocopy template is intended for independent file access. Knowing that a file is a photocopy opens up the possibilities for exploiting this infor-mation to some I/O optimizations. For example, since multiple processes read the samefile, one optimization is to selectively replicate the file so that the I/O operations becomelocal I/O instead of networked I/O. However, a photocopy has the property that anywrite operation must be verified by the owner or controller of the file before becoming visi-ble to any other processes.3.1.2 NewspaperA newspaper is composed of sections that can be read (or written) independently. Thenewspaper template is a way to segment a file into independent pieces with no overlap.Each process gets exclusive access to a portion of the file. Any process that reaches theend of the segment has reached its version of the end-of-file. It is an error to exceed thesegment boundaries. Anewspaper file segment always knows its starting point (base)in the file and size of the segment (extent).

Meeting

SegmentedI/O

SequentialI/O

GlobalI/O

IndependentI/O

LogReport

Newspaper

PhotocopyFigure 3-1 � Parallel I/O behaviour hierarchy.

2 2 The extent is determined at run-time by a user-supplied function or constant value. Inthe special case that the size cannot be determined in advance of using the segment, thesegment is said to be unknown. Unknown segments are denoted by a size of zero. Thefile manager determines what, if anything, will need updating after a process is finishedusing an unknown segment. If an unknown segment is modified, the file manager ap-pends it to the file, based on some user-defined ordering attribute. The base of the seg-ment is not used after the first append. However, if the unknown file segment is unmodi-fied, the file manager advances the file pointer to the current position returned by this un-known segment based on a user-defined ordering attribute.The drawback to an unknown segment is that any process not in its group will block atthe next I/O statement that uses this file pointer until all the outstanding I/O by the group isreceived by its file manager. However, if the system can determine that a given I/O state-ment does not access the unknown section of the file, it does not need to block. Althoughunknown segments require more complicated synchronization, they are supported be-cause of the variable length C stream I/O operations. It is only after the printf or scanfcompletes that the user can determine the new file position.3.1.3 ReportHaving a group write a report usually involves the members collectively reading severalother sections prior, during, or after writing their own sections. As well, comments maybe written to other sections of the report which may or may not be incorporated into theseremote sections. Areport template has both global and segmented file properties. Theglobal property is that only one process is allowed access to a particular file segment at atime but there is a mechanism for sharing access. The segmented property means that thefile can be divided into �independent� segments. However, two processes can exchangesegment ownership if necessary. That is, no segment has a fixed owner. Aprocess mustobtain read or write permissions for the desired segment from a file manager (parent).This behaviour provides a protocol so that multiple processes are able to concurrently ac-cess overlapping regions of a file.With this template, if a process exceeds its local segment boundary limits, it is not im-mediately considered an error. Rather, it is a signal to the PPS that one segment is to be ex-changed for another. An error that is reported back to the user occurs if the file pointer ismoved to point before the base of the first file segment or past the extent of the last seg-ment. If the PPS determines that exceeding the limits is not to be an error, the process asksthe manager of the report file pointer for the appropriate permissions (read or write) to ac-cess the file at the new location. There is a hierarchical structure so that if a given managercannot resolve the permissions because they are outside of the current manager�s bounda-ries, the manager will ask its file manager to resolve the request.Like the newspaper template, the extent of a given segment is determined at run-timeby a user-supplied function or constant. Similarly, an unknown segment size is resolvedafter the process returns the segment to the process�s file manager. However, unlike thenewspaper template, modified segments are not appended to each other. The segmentsare overlaid based on a user-specified ordering attribute. All processes not participating inthis unknown report group are restricted from using the report file pointer until the en-tire group is finished and the file state is resolved. Again, if the system can determine safeaccess to portions of the file, this restriction can be relaxed.3.1.4 MeetingThe analogy comes from a meeting where only one person has control of the floor at atime. The meeting template uses a global file pointer and all processes using it must syn-chronize and coordinate access to the file. A meeting has both global read and write capa-bilities. However, only the process that has control of the file may read or write at anytime.

2 3 If more than one global file pointer is passed to a process (e.g. an input and an outputfile pointer with global semantics), there may be a problem of deadlock. Therefore, to pre-vent deadlock, when a process asks for control of one global file pointer, the process mustreceive control of all the other global file pointers involved in the transaction. For example,suppose two processes, P1 and P2 are sharing two file pointers, f1 and f2. P1 asks for ac-cess to f1 and gets control of f1. Because of program flow, P2 first asks for access to f2and receives control of f2. Now, if P1 asks for control of f2 or P2 asks for control of f1,deadlock occurs unless either process first releases the file pointers that the process cur-rently controls. This release may not always be immediately possible.3.1.5 LogThe analogy is with maintaining a record of events. Once an event has been recorded, itis never modified. The log template uses a global file pointer with the added restrictionthat all write activity takes place at the end of the file. After a write takes place, the filepointer is left at the end of the file. However, any read or seek operation is free to proceedwithout synchronization because the data is always consistent. The global end-of-file (EOF)marker is moved only when the process with the current access permission updates theglobal data structure. All other processes are limited to the last known value of the globalEOF.3.2 Read and Write AttributesIn addition to a template�s base semantics, each template can have several attributeswhich refine its behaviour. One attribute of all the parallel I/O templates presented here isthe ordering of I/O operations. Read and write operations can have separately defined or-dering. That is, the order in which a collection of processes communicate with each otherdefines both the access sequence and when updates become visible. There are three possi-bilities: ordered, relaxed, and chaotic. These correspond to the three levels of programcorrectness for I/O� sequential, serial, and chaotic � defined in Chapter˚2.For example, the source code in Figure 3-2 performs blocks of I/O in the order: a0, a1,a2, b0, b1, b2, using the two loops. Both Alpha and Beta are remotely executed functions.For the moment, assume that there are six separate processes that are concurrently execut-ing three copies of Alpha and three copies of Beta. For convenience, each process isidentified as: a0, a1, a2, b0, b1, b2.The ordered I/O attribute means the I/O using this file pointer will be done in sequen-tial order. If fp is a global file pointer, the ordering attribute will sequentialize the I/O. Iffp is an independent file pointer, all changes to the master file are recorded in program or-der. That is, a write by a0 is seen by subsequent file accesses by the other processes.However, changes to the file by a1 are not seen by a0, even if a1 finishes before a0. At theend of the computations, the file contains only the output of b2 as all the processes start atthe same location in the file and only the last modification will remain. If fp is a segmentedfile pointer, all six pieces of work will be sent out to execute concurrently as independenceis ensured by enforcement of the boundary conditions of each segment. In this case, thefile will look like a0, a1, a2, b0, b1, b2 regardless of the order in which the individual proc-esses finish. If the length of each segment is unknown at the time of the remote functioninvocation, the ordered attribute ensures that the modified segments are appended to thefile in sequential order.If the template has both global and segmented characteristics (a report), the orderedattribute ensures that the requests for access to other segments are processed in sequentialorder. That is, the process accessing segment a2 that now needs to access the segment a0must first surrender segment a2 to the file manager. Then, the process that just surrendereda2 waits until the process doing a1 is finished or indicates it needs no further access to

2 4 segment a0. If unknown segments are used, the file manager updates the master filebased on program order with the end result of the file containing b2. Read access to theshared segment is not normally blocked. However, if a process modifies the segment, themodifications are not immediately visible until the master file processes the modified seg-ments. During this processing, all processes are denied access to this segment. For modi-fied segments, the segments are merged instead of appended. This reflects the global na-ture of the report template. The position of the last segment file pointer sent out is usedfor the new master file pointer. If the segment was read only, the position of the master filepointer is updated based on the return status of the last segment sent out.Using the relaxed I/O attribute, the ordering is eased somewhat. Now, the ai I/O op-erations are serialized followed by the serialized bi I/O operations. If fp is a global filepointer, all the ai I/O blocks must be finished before any bi I/O block is allowed to proceed.The ai I/O blocks can occur in any order and will be followed by the bi I/O blocks in anyorder. For example, one possible result is that the file is accessed in the following order:a0, a2, a1, b2, b0, b1. An independent file pointer will see any ai changes as they are sub-mitted to the master file controller but bi I/O operations will see the changes only after allthe ai changes have been recorded in the master file. This does not mean the processesdoing the bi blocks are blocked. Rather, these processes proceed using the older version ofthe file data. This means, as well, that changes to the file by any bi must wait until after allthe ai changes have been recorded. For example, depending on the order in which thevarious processes updated their contents to the master file controller, the file could be leftcontaining the output of b1 when the application exits instead of b2, as seen using the or-dered attribute.Pure segmented file pointers will see little difference between the ordered and re-laxed attribute unless the segment length is unknown at the time of the remote functioninvocation. In this case, the relaxed attribute requires that the modified segments are ap-pended as-received, subject to all ai segments being appended, followed by the appendingof the bi segments. That is, the file again could be left in the state: a0, a2, a1, b2, b0, b1. Areport file pointer with an unknown segment length merges the a segments on an as-received basis and will merge the b segments only after the a blocks are all merged. Forexample, using the above ordering, the file would be left in the state b1.For report file pointers with a known segment size, any process accessing the ai seg-ment which then determines it needs to access segment aj can proceed to request access forthe aj segment. Permission is granted based on a first-in-first-out ordering amongst the aprocesses. However, any bi process that needs to access an aj segment must block until alla segments have been released before proceeding. The run-time system has to determinewhen all a processes are finished before the request by a b process type can be granted.However, the file will be left in the same state as the pure segmented file pointer.AlphaBeta ( FILE *fp ){int j ;for ( j = 0 ; j < 3 ; j++ ) {Alpha ( fp ) ;/* The Alpha I/O done in parallel */}for ( j = 0 ; j < 3 ; j++ ) {Beta ( fp ) ;/* The Beta I/O done in parallel */}fclose( fp ) ;/* Close the file after all the work is done */}Figure 3-2 � Sample code for I/O attributes.

2 5 With chaotic I/O, the ordering is completely relaxed so that any process can have ac-cess to the file at any time, subject to the parallel behaviour. The global template still meansthat only one process has exclusive access at a time. However, program order is ignored atrun-time. For example, the file could be accessed in the following order: a0, b2, a2, b0, b1,a1. The independent file pointer allows any update to the master file to be immediatelyvisible to all other processes sharing this file. In this case, the updated file is left containinga1, which was the last process to update the file.Pure segmented file pointers with a positive non-zero extent are not affected by re-laxed ordering as the segments are determined by the program ordering and are consumedin that order. The file will remain in the same state as the ordered I/O attribute: a0, a1, a2,b0, b1, b2. The request for access to another segment by a report file pointer is handled ona first-in-first-out basis. However, there is no blocking based on process type (e.g. Alphaand Beta). Any pure segmented file pointers with unknown length segments are mergedin as-received order, regardless of type. For example, the file could be accessed in thefollowing fashion: a0, b1, a1, a2, b0, b2. For report file pointers, the last segment receivedindicates the size of the segment used in subsequent I/O operations. In this case, the filecontents were left in the state b2, which was the last update of the file.The ordering attribute does not modify the base behaviour unless some synchronizationwas required in the template. The ordering attribute does affect the way a file is accessedand modified. Depending on the type of parallelism chosen, a process may or may nothave to give up access or wait for access to a given file descriptor.3.3 Composing TemplatesOne of the benefits of using templates lies in the fact that they can be arbitrarily com-posed to support more complex I/O behaviours. Figure 3-3 shows an example whichbenefits from composition. In this example, a file is segmented so that concurrent proc-esses access different portions of the file. Apipeline model of computation could requiresuch an access pattern.The file is divided into three segments using a newspaper template. Within a givensegment, a portion of that segment is independently read by several other processes. Eachsegment is treated as a meeting (global file) until a particular portion of the segment isreached. At that point, several processes are granted independent access as photocopies.After the independent operations are finished, the file access reverts back to a meeting (theglobal file pointer forms a barrier).

NewspaperMeetingPhotocopy

.........Figure 3-3 � Composing with PI/OT.

2 6 If the user tries to code all of this by hand, the amount of specialized code increases ateach level, along with the chances of introducing errors. If the computational parallelismchanges, the restructuring of the code to reflect the changes is a potential source of errors.For example, suppose this pipeline has sufficient granularity to run efficiently on a shared-memory multiprocessor system. If the code is then ported to run on a network of worksta-tions, the coarser granularity required to run efficiently may mean that one stage of thepipeline should be collapsed. The photocopy template, along with the parallel computa-tional behaviour of that associated stage of the pipeline, could be dropped. The systemshould be able to compensate for the loss of parallel I/O behaviour at that stage by integrat-ing the code into the earlier or later portion of the pipeline. The strength of a template ap-proach for both the computational and I/O parallelism is that any changes, either by the useror by the PPS, are quickly and correctly implemented.3.4 External InformationThe I/O templates presented in this dissertation do not exist in a vacuum. They are in-tended to exist and cooperate with the computational parallelism and the physical system theapplication will be running on, using the PPS as the management tool. External informa-tion, either explicitly supplied by the user or implicitly acquired by the parallel program-ming system, is needed to efficiently implement the desired I/O behaviours. The modelmust be able to withstand contact with the real world.The external information can be divided into two parts: the semantic content of the pro-gram (program flow) and the physical domain used to execute the parallel application(network, file systems, and processors). Both have static and dynamic components.The first piece of semantic information required is the definition of an I/O transaction.A transaction is two or more I/O statements that must be considered as one I/O block. I/Orarely occurs as a single operation; instead, several I/O operations are clustered as oneblock. For example, a seek is followed by a read or write operation. Although they aretwo sequential I/O statements, this is often considered as one I/O operation in the paralleldomain (some systems provide an atomic seek—and—read function or equivalent to solvethis e.g.˚[53, 57, 61]). As well, a variable length record is often read or written in two ormore steps. The first operation determines the number of elements; subsequent operationsread or write the elements. Alternatively, the list of elements is read or written until termi-nated by a special end-of-record character. Particularly in the parallel domain where con-current processes will share access to a common resource, the definition of I/O transactionsis critical.The user can recode the application so that individual I/O steps use a temporary file ormemory buffer. The parallel I/O is then done as a single operation per process. However,this does not remove the necessity of identifying the I/O blocks, since it makes the pro-grammer identify a transaction and explicitly provide the synchronization.Once the I/O transactions are identified, the second piece of semantic information is theprogram flow, as it pertains to parallel I/O. The necessary information includes both thetemporal and collective constraints. From the source code found in Figure 3-2, the readand write attributes will benefit from knowledge such as which of the a I/O blocks must befinished before any b I/O block can start. As a second example, realizing that all the I/O fora matrix will be done at the same time by a group of processes allows the PPS to optimizeboth fetch and merge operations.Program flow can be determined at both compile-time and run-time. Prefetching deci-sions are easier to schedule if the program flow is known. Static program analysis allowsthe system to determine the program ordering for different classes of processes. Considerthe case of a computational pipeline consisting of three process types, P 1, P2, and P3(Figure 3-4a) that share a file. At run-time, there can be one or more instances created ofeach process type. Figure 3-4 shows some possible connection configurations.

2 7 Each instance of the process types shares or manages its I/O information with one ormore of the instances of any of the process types. Depending on the relationship betweenprocess instances (determined by the connection patterns), either a particular instance is arecipient or a maintainer of the information. To make good decisions and efficiently man-age the I/O information, the configuration of the computational parallelism is needed. Inaddition there are three questions that must be addressed. How are the different processtypes related to one another? How are the instances connected? How do the parallel I/Orequirements affect this connection pattern? In the connection pattern shown in Figure 3-4d, there are three independent pipelinessharing access to a single file. If a segmented or global parallel I/O behaviour is defined forthe shared file, the computational connection pattern is insufficient for the I/O parallelism asthe P1 processes must now coordinate I/O access. Figure 3-5 shows the new connectionsthat must be made to all the P1 processes to ensure synchronization and coordination of fileaccess. Depending on the implementation, a new manager process may be needed too.In the connection patterns shown in Figure 3-4 for a simple pipeline computationalmodel, an instance of process type P1 may need to share global I/O information with theother P1 instances. This same instance will need to distribute I/O information to a group ofP2 instances, and will need to synchronize the returned I/O information from this group. Agroup can contain one, some, or all of the various process type instances. An instance of aP2 process receives I/O information from a P1 process and eventually returns to it the up-dated I/O information. This P2 instance also distributes I/O information to a set of P3 in-stances. The P3 instances receive I/O information from a specific P2 process and will re-turn the modified I/O information. Relying on static information is insufficient since it ispossible that the actual number of instances for each process type are determinable only atProcessType

P1P2P3

(k)(j)

(l)(m)(i)(e)(d)(c)(a)(g)(h)(f)(b)Figure 3-4 � Examples of connection patterns for a pipeline of three process types.

�Figure 3-5 �Additional I/O communication connections needed for synchronization andcoordination of file access for global or segmented parallel I/O.

2 8 run-time. It is also possible that the connection pattern can change at run-time. This couldhappen if a process is able to run more than one process type, depending on directives fromthe PPS.The types and number of process interconnections are important since these determinehow the file is to be shared. For example, in the case of a two stage pipeline, there areeight ways of connecting the process instances that are of concern to parallel I/O. They are:one-to-one, many-to-one, one-to-many, many-to-many, and replication of the previousfour cases. This last step takes one of the previous four patterns and creates n replicas.The data file is now shared by not just two process types, P1 and P2, but by n(i+j) proc-esses where i is the number of P1 processes and j is the number of P2 processes.When a pipeline is increased by one to three process types, the number of possiblecombinations grows to thirty two (Figure 3-6). The boxed pairs indicate that the contentsof the box are replicated as one unit. Figure 3-4 clarifies the connection patterns for someof the combinations given in Figure 3-6. The shaded areas in Figure 3-6 correspond to thefigures in a left to right fashion and down each block to each configuration in Figure 3-4.For example, using a value of three for both n and the replication factor of the boxes, theentry in the second block, first row, and third column is represented by Figure 3-4j whilethe first block, second row, second column in Figure 3-6 corresponds to Figure 3-4f.It is clear that handling all cases by hand is a difficult task. Even with a simple pro-gramming model, the growth of possibilities is exponential. However, breaking down theproblem into simple pieces and having a simple set of rules to create more complex I/Omodels is an approach that works well for source-to-source compilers. At run-time, theserules are useful when the application performance is not predictable or irregular.Dynamic work allocation or process scheduling can compensate for an irregular loaddistribution. A slower or heavier loaded processor could do n blocks of work in a givenperiod of time while a faster or lightly loaded processor could do greater than n blocks.Alternatively, using homogeneous processors, the work load per I/O block may not beconstant. Since this performance information is not always available at compile-time, run-time information is beneficial in making more intelligent prefetching, segmenting, or syn-chronization decisions.The I/O templates need to determine the number of distinct concurrent processes thatwill collectively share access to a particular file. This grouping may contain subgroups ofprocesses and the membership can be dynamic. For example, global or segmented I/O par-11111111111111n11n11n11nn11n11n11n111n11n11n11n1nn1nn1nn1nn11nn1nn1nn1nnn1nn1nn1nn1nnnnnnnnnnnnnFigure 3-6 �Possible connection patterns using a pipeline of three process types. Thecharacter 1 (one) indicates a single instance of a process type while thecharacter n indicates more than one process instance. The boxed pairs indi-cate that the contents of the box are replicated as a single unit.

2 9 allelism needs to know how many processes are involved so that there are effective imple-mentations of these parallel I/O behaviours. Aglobal behaviour needs to know whichprocess will get access so that it can update all the others; a segmented behaviour may di-vide the file based on the number of processes or tune the prefetching algorithm; an inde-pendent behaviour can use the number and location of processes to determine if replicationand local caching of the data file would be more efficient.Physical information is not only important for determining the performance of a giventemplate, it is also critical for computational performance. In the sequential domain, I/O isoften buffered for efficient operation so that the expensive physical I/O operations are de-ferred until necessary. This efficiency is actually a hindrance when concurrency is added.In order to avoid overlap, a process (P2) needs to realize the scope of another process�s(P1) I/O operation before performing P2�s I/O. The only contact between the two proc-esses is the physical file through the two local file pointers. Deferring the physical updatefor the sake of the efficiency of the P1 process can detrimentally affect the overall efficiencyof the application since P2 may have to wait. Of course, the P1 process can use deferredoutput but the operating system cannot be relied upon to update the physical file in a time-critical manner for other processes. Rather, the PPS must ensure that the physical update isdone when accurate information is needed by the other processes sharing this resource.Figure 3-7 gives an overall view of the PI/OT model and demonstrates how it fits into aparallel programming system. The parallel compiler modifies a sequential file pointer thathas been given parallel characteristics and creates a parallel file pointer. The parallel com-piler, using the parallel I/O and computational specifications, creates a parallel application.When the user runs the parallel application, the dynamic information is collected by the run-time system; using the parallel specifications, the run-time system coordinates access be-tween the parallel application and the physical files.Both static and dynamic analysis will benefit from physical information such as: theamount of local disk space available for caching; the physical location of the file systems on+=

TemplateMeetingLogReportNewspaperPhotocopy

AtributesOrderedRelaxedChaotic

SegmentationFunctionConstant

Parallel I/O Specifications

SequentialFile Pointer

ParallelFile Pointer

Source Code

Parallel Specifications

Parallel Compiler

Parallel Application

External Information

Physical Files

Parallel Run-timeSystem

Figure 3-7 � Overview of the PI/OT model in a parallel programming system.

3 0 the network in relation to the compute processes; the type of file system � general or spe-cialized; the network bandwidth available for I/O either to minimize the impact of the appli-cation on other users or to maximize the performance of the application; the heterogeneityof the processors � architecture and speed; and the distribution of the processors over thenetwork. Whether these physical details can be compensated for or effectively utilized de-pends on the implementation. However, they will all have an impact on the overall per-formance of the application.3.5 Chapter SummaryFive parallel I/O templates have been presented, each encapsulating a simple parallelbehaviour. An analogy is provided for each template to make it easier to understand. Readand write ordering attributes permit tuning of the application without changing the originalsource code. Complex I/O patterns can be built by composing the simple behaviour of thetemplates. The computational parallelism and I/O parallelism can be combined to create ar-bitrarily complex access patterns that are still modifiable without requiring changes to theuser�s source code.External information about the application and run-time environment is necessary to en-sure correct I/O behaviours and performance optimizations. Compile-time analysis of theuser�s application (using the supplied parallel I/O specifications) inserts hints to the run-time system about the needed parallel I/O behaviours and the start and finish of any I/Otransactions. At run-time, the PPS uses these hints and, based the program�s dynamic envi-ronment and computational behaviours, implements the parallel I/O requirements. By re-quiring the PPS to either supply or determine the necessary external information, a user hasminimal impact on how the parallel behaviours are implemented. A user selects what par-allel behaviour is required. As well, the PPS is able to tune the performance of the entireapplication based on all of the user-supplied requirements and the run-time environment.Chapter˚4 explains how the parallel I/O templates are intended to be implemented ingeneral and explicitly deals with one particular parallel programming system.

3 1 Chapter 44. ImplementationAn implementation is needed to validate and to demonstrate the usefulness of the paral-lel I/O model presented in Chapter 3. To be considered successful (other than providingthe correct behaviour), the implementation should give reasonable performance for minimaleffort on the part of the user and ensure that changes to the parallel I/O behaviour be assimple as changing the template. The user should not need to differentiate at the code levelbetween sequential and parallel I/O calls.The parallel I/O model proposed in this work requires information regarding the parallelcomputations and the state of the underlying communication libraries. There are static anddynamic components to the implementation. The static or compile-time portion consists ofdefining the parallel behaviour and integrating it with the corresponding static component ofthe parallel computational behaviours. The dynamic component of parallel I/O consists ofthe process states of the parallel application. This includes both the relationships and thedependencies between computational processes as well as the process-processor mappings.This information, managed by the run-time component of the parallel programming system(PPS), determines the degree of parallelism and the dynamic behaviours of the running ap-plication.There are two basic premises for implementing PI/OT. The first is that a user does notidentify any parallel I/O in the source code. The parallel specifications are stored separatefrom the code. Second, PI/OT does not roll back I/O operations or computations. Deadlockprevention rather than deadlock detection is the approach used when implementing PI/OT.This chapter describes the implementation of PI/OT. It is divided into three main parts.The minimal PI/OT requirements are presented in Section 4.1. These are the minimal system(user-interface, compile, and run-time) requirements for any general PPS implementingPI/OT. Section 4.2 describes how the PI/OT programming model is intended to be imple-mented from an I/O functionality viewpoint. Section 4.3 describes the PI/OT model imple-mentation from a template viewpoint. Section 4.4 describes the specific modificationsmade to the Enterprise PPS (user-interface, compile, and run-time) for PI/OT. Section 4.5describes the current deadlock prevention mechanism. Section˚4.6 gives a summary ofthis chapter.4.1 PI/OT Minimal RequirementsThere are a number of conditions that must be met prior to implementing PI/OT in agiven parallel programming system. The primary requirement is the ability to send, pollfor, and receive asynchronous messages of arbitrary size between distinct processes in areliable manner. The distinct processes requirement does not necessarily imply traditionalheavy-weight UNIX processes; a thread would qualify as well. Inter-process messages areneeded for synchronization and coordination of a data file with the parallel application. Theapplication views a file as a single global entity regardless how it is physically stored.The PPS run-time system is also responsible for providing unique process identifiers sothat PI/OT can use the communication system to send a message to, poll for a message from,or receive a message from any specified or arbitrary process in the parallel applicationwithout blocking. This implies that the user or the PPS has divided the application up intoconcurrent computational tasks.

3 2 The PI/OT implementation has to be able to intercept and substitute data in messages forthese computational tasks that contain file pointers. Modifications are made both at the timeof sending and at the time of receiving the messages in order to insert or extract the PI/OTinformation. Substitutions are made in addition to the other PI/OT messages necessary toimplement the various parallel I/O behaviours. PI/OT does not force the user to learn a sepa-rate set of parallel I/O functions. Rather, the user writes code using the familiar UNIXstdio interface (or low-level I/O interface). Asource-to-source translator (precompiler)identifies the user-specified parallel I/O file handles. The precompiler needs to create thenecessary hooks to integrate any user-supplied segmentation functions into the PI/OT run-time environment. The PI/OT run-time system is responsible for sending, processing, andreturning the dynamic state of an I/O object between cooperating processes.All tasks in the parallel application are classified by both their computational and parallelI/O functionality. The PPS run-time system is responsible for mapping tasks and files toprocesses and processors. It must also support queries to specific processes or tasks bythe PI/OT implementation. For PI/OT, a user identifies the parallel file descriptors and theirparallel behaviour for each task classification. For example, a given file descriptor is des-ignated as having global I/O semantics for a particular task. Another class of tasks desig-nates a file descriptor with segmented I/O semantics. At run-time, the two file descriptorsare joined by the first task passing the global file descriptor to the second and linking thetwo together (a remote function invocation). The PI/OT run-time system must resolve theapparently different behaviours.It remains the responsibility of the user to define what the computational and I/O speci-fications are, and leave the precompiler and PI/OT component of the PPS run-time system todefine how to implement them.In summary, PI/OT requires a message passing system that can poll, send, and receivemessages of arbitrary length in a reliable fashion. Parallel tasks must be identified andmapped to processes in some fashion available to PI/OT. The parallel I/O is identified on aper-task basis. Any messages sending a file-descriptor must be identified and have the I/Ocomponent replaced with the parallel I/O configuration for that component. Similarly, amessage containing a parallel I/O data structure must be converted into a conventional se-quential file pointer for the user�s code. This is best done using a mixture of compiler andrun-time support. Finally, the PPS run-time system must be able to spawn tasks (either as athread or heavy-weight process) when necessary.4.2 PI/OT Implementation IssuesThis section describes how the parallel I/O templates are intended to be implemented.Users of the templates do not need to know about a given implementation and alternate im-plementations can be used without affecting user programs. The PI/OT templates are in-tended to parallelize the standard C stream I/O library. Figure 4-1 gives a listing of thevarious standard stream functions and their signatures. However, there is no reason whythe templates could not be implemented to replace low-level I/O calls (open, close, write,read, lseek).Each process maintains a list of the local parallel file pointers it uses. This list is calledthe ParIO list. Each list element contains information such as the template type, the cur-rent file state, whether access is permitted, the communication handle of the local processand the manager process.Arun-time list of active and outstanding outgoing parallel I/O requests is maintained,either on a per-process basis or on a per-thread basis if the process is multi-threaded. Thislist is referred to as the call-chain. Each list element contains information such as the par-allel I/O template, the current file state, whether access is permitted, and the communicationhandle of the caller and callee. There is a corresponding list, called the pending list,

3 3 which is maintained for I/O messages from other processes. For example, a process mayrequire access to a global file or it may be returning access permissions for a given filesegment. The receiving process may not be able to process the message right away and itis queued in pending for later processing. Another process has the access permission andwill return it at some point in the future. When an access permission message is received,the pending list will be processed for any requests that can be satisfied.It is important for the call-chain and pending lists to be consumed in an order thatpreserves program correctness. If a task does not consume the call-chain list, the out-standing calls will need to be cancelled. (This happens if there is an error condition thatends the task�s work or a task is generating speculative work and any answer is sufficientto end the task.) Similarly, any pending requests will need to be cancelled and the callingprocesses will have to take any necessary actions to recover. (Normally, the I/O functionreturns a failure.) Note that the computational component of the PPS will need to end anyoutstanding computational tasks at this time as well.#include <stdio.h>/* Opening streams */FILE *fopen( const char *filename, const char *type ) ;FILE *freopen( const char *filename, const char *type, FILE *stream ) ;FILE *fdopen( int filedescriptor, const char *type ) ;/* Closing streams */int fclose( FILE *stream ) ;/* Flushing streams to or from disk */int fflush( FILE *stream ) ;/* Moving the file pointer in a stream */int fseek( FILE *stream, long offset, int ptrname ) ;void rewind( FILE *stream ) ;long ftell( FILE *stream ) ;/* Testing file stream for end-of-file */int feof( FILE *stream ) ;/* Reading from a stream */int scanf( const char *format, ... ) ;int fscanf( FILE *stream, const char *format, ... ) ;size_t fread( void *ptr, size_t size, size_t nitems, FILE *stream ) ;/* Writing to a stream */int printf( const char *format, ... ) ;int fprintf( FILE *stream, const char *format, ... ) ;size_t fwrite( const void *ptr, size_t size, size_t nitems, FILE *stream ) ;/* Get a character, word, or variable length character string from a stream */int getc( FILE *stream ) ;int getchar( void ) ;int fgetc( FILE *stream ) ;int getw( FILE *stream ) ;char *gets( char *s ) ;char *fgets( char *s, int n, FILE *stream ) ;/* Put a character back into the stream */int ungetc( int c, FILE *stream ) ;/* Put a character, word, or variable length character string to a stream */int putc( int c, FILE *stream ) ;int putchar( int c ) ;int fputc( int c, FILE *stream ) ;int putw( int w, FILE *stream ) ;int puts( const char *s ) ;int fputs( const char *s, FILE *stream ) ;Figure 4-1 � Standard C stream I/O library function signatures.

3 4 The parallel file pointers are not explicitly differentiated from the sequential ones in thesource code. What is the minimal amount of information necessary to determine if a filevariable has parallel behaviours? All I/O functions, except those of the open variety, re-quire either an explicit or implicit file handle passed as one of the parameters (for example,fprintf or printf). Since all I/O handles are associated with a unique number that is as-signed by the operating system, looking up the file number in a list can obtain the indicatedparallel behaviour. This implies that multiple parallel behaviours are not permitted on asingle file descriptor. However, multiple file descriptors (and thus parallel behaviours) canbe associated with a single file. Inter-process communication uses this unique file descriptor to match a parallel file de-scriptor from a remote process with a local file descriptor. PI/OT manages two data struc-tures which are used to match a parallel file descriptor from a remote process to a corre-sponding local one. The first data structure contains the local information of the parallel filedescriptor. Included in this information is the unique system file descriptor which ispassed to the user�s code. The second data structure, stored either in the call-chain orpending list, contains the remote parallel file pointer information and the same uniquesystem file descriptor. A message received from another process contains the remote proc-ess�s parallel file information. Depending on the message type, the receiver matches theremote information in either the call-chain or pending list. The unique file descriptor isextracted and the local process parallel file structure is located.The balance of this section is divided into five subsections. First, determining programorder and instantiating the I/O managers are addressed. Second, how to grant access to afile is defined. The final three subsections discuss the run-time details of creating, closing,and using a parallel file descriptor.4.2.1 Determining Order and I/O ManagersThe I/O templates are intended to work within a hierarchy of remote message sends.Any process that makes a remote call to another process creates a hierarchy. In Figure 4-2,process A makes a remote call to process B, which in turns calls process C, which thencalls B and so on. The order in which the calls are dynamically made forms the callchain which the I/O templates use to implement the correct parallel I/O behaviour. That is,the run-time behaviour of the application is taken into account for the parallel I/O behav-iours. (The I/O managers will be defined later in this section.)The I/O templates are implemented using a client-server model that is distinct from thecomputational model used. If the remote call includes a file pointer, the file pointer istreated as a parallel file pointer by the PPS. The user must specify the parallel behaviour ofthe passed file pointer. Another way a parallel I/O object is identified by PI/OT happenswhen a file is collectively opened by a group of processes. In either case, the user mustidentify to the PPS the intended parallel behaviour for the I/O object. Otherwise, PI/OTwould either consider the call illegal or impose some sort of default behaviour. ABC

I/O ManagerI/O Branch ManagerI/O Branch ManagerFigure 4-2 � Identifying I/O managers and call ordering.

3 5 With improved compiler technology, PI/OT may someday be able to automatically de-termine the appropriate parallel behaviour. For example, if a remote procedure call is gen-erated in a loop and contains a file pointer as a parameter, attempting a segmented I/O be-haviour may be an appropriate choice if maximum concurrency is desired. This will neces-sitate a preliminary estimate of the segmenting factor for the remote process. Alternatively,after examining the remote function code and finding only one I/O call using the pointer,the file pointer could be designated as a shared file pointer. The remote function code couldbe modified to release the file back to the pool of waiting processes after completion of theI/O functions.Every parallel I/O transaction has a manager (server) that is responsible for coordi-nating and enforcing the parallel behaviour of the group of processes (clients) that sharethe I/O object(s) composing a transaction. This happens regardless of the parallel templatechosen for an individual file pointer. Normally, the process that creates and passes the I/Otransaction to another process is considered the manager. The process that opens a file isconsidered the owner. The manager�s duties range from disseminating control informa-tion to merging data. In the case of multiple or replicated processes concurrently openingthe same file descriptor, the PI/OT run-time system designates one process as the I/O man-ager. The I/O manager process does not necessarily have to be implemented as a separateheavy-weight process. It can be collapsed as a thread into an already existing computa-tional parallel process.Figure 4-3 shows two approaches for selecting an I/O manager for the collective opencase. (Selection of one approach is left to the implementor of PI/OT.) All of the A proc-esses in the figure try to open the same file. The PI/OT run-time system decides which oneof them will contain the manager task. In Figure 4-3a, A2 takes on the I/O manager dutiesbecause it was the first one to request the open. All the other A processes become clientsfor I/O purposes only. As an alternative, PI/OT could request that the PPS spawn a newmanager process. In Figure 4-3b, the M1 process is created exclusively for managing theI/O for the Ai processes. Finally, the user could indicate to PI/OT that an I/O manager proc-ess must be placed on a specific processor (for example, if the disk file is local to a par-ticular processor). In this case, all the A processes become clients for I/O purposes.It is important to realize that a client becomes a branch I/O manager when the user�sprocess (which contains the I/O client) in turn makes remote calls to other processes. InFigure 4-2, the A process is also the I/O manager for the call to B. However, when Bpasses its file pointer to C, C considers B as its I/O manager. Then, C becomes the I/Omanager for the recursive call back to B, and so on. If information is needed, the requestflows up the call chain until the appropriate manager can provide the information.

A1A3A4A2A6A5I/OManagerI/OManager

A1A3A4M1A6A5A2(a)(b)Figure 4-3 � Two approaches to selecting an I/O manager.

3 6 4.2.2 Granting AccessAll template I/O operations involve several processes � one or more clients and themanager. The manager is responsible for synchronizing access and merging results. Theclient must recognize when access permissions are required, execute the user�s code, andend the I/O transactions properly. Figure 4-4 shows some of the steps needed to exchangeaccess permissions between two client processes and a manager.If the file pointer is intended for sequential I/O, the I/O operation proceeds normally andcontrol is returned to the user�s code when the I/O operation finishes. If the file pointer isparallel, the client determines if it has access to the file. If it does not, the manager of theI/O object is sent a message requesting access. In Figure 4-4, both clients A and B sendsimultaneous requests to the I/O manager (step 1).When the manager receives a request for access, it searches its call-chain list to de-termine if access can be granted. This list is populated in two ways. First, the managerprocess is informed by the computational component of the PPS that remote messages con-taining I/O objects are being sent. Second, collective I/O requests are received from clientprocesses. For example, a collective open may be done using a segmented file. Each clientopen will receive its own segment or an error. The manager must segment the file and syn-chronize the merging (if necessary) of the segments after the client is finished processing. Each entry in the call-chain list contains information such as the caller and calleeidentifiers, the parallel file pointer data structure, transaction identifier, and a time stamp.From this list, the manager can determine who collectively accesses the file pointer and inwhat order access is permitted at run-time. At this point, the manager determines if there isany potential for deadlock in the various transactions and prevents it from happening. An-other important function of the I/O manager is to inform the caller process that it is safe toperform another I/O operation. In the example given in Chapter˚1.1, all Child processeswould share the same I/O manager. However, as Parent opened the file and is consideredthe owner of the entire file, Parent is not considered a client of this manager even thoughthe manager process could be a thread in the Parent process. As Parent initiates remoteI/O calls in Child processes, it must query the I/O manager process before executingpar_fclose.The access permissions for an I/O descriptor are determined by the ordering attributesof its template. If access is not allowed at this point, the request is added to the pendinglist of the manager until the request can be satisfied. If access can be granted, the managermarks the request in the call-chain list as active, updates the parallel I/O data structure,and sends a message containing the access permission along with any new global informa-tion to the client. When the client receives the manager�s message, the client�s file datastructure is updated to reflect the new global information.When access is granted to the client process (Figure 4-4, steps 2 and 4), the I/O opera-tion is verified so that it will not violate any of the parallel template constraints. For exam-ple, it may not exceed the local segment�s boundaries. Then, the I/O operation is executedand the parallel file data structure is locally updated.

I/O Client B112345Message ordering1. Request Access2. Grant Access3. Return Access4. Grant Access5. Return AccessI/O Manager

I/O Client A

Figure 4-4 � Granting access using PI/OT.

3 7 If the atomicity of the parallel I/O operations is set to be a single I/O operation, the clientmust temporarily surrender control after completion of the local I/O operation. This is ac-complished by sending the manager a message that the client is temporarily surrenderingaccess. This message includes the updated global information for that parallel I/O object.The client records that its local parallel file pointer has been denied access and continuesprocessing until the file pointer is needed again. At this point, the client petitions the man-ager for access permission. If the I/O operation takes place within an identified transaction, control is retained untilthe transaction is finished (Figure 4-4, steps 3 and 5). The client sends a permanent sur-render message and the updated parallel file pointer information to the manager. Finally,the client process returns to the user�s code. When the manager receives the access surrender message from the client, the managersearches the call-chain list for the active I/O object. It updates its own local parallel I/Odata structure for this pointer. It then removes the I/O object from the call-chain list (ifthe surrender is permanent) or simply deactivates it. In either case, the manager thensearches the pending list for the next I/O request that can be satisfied.4.2.3 Creating a Parallel File DescriptorThe user�s entry points into the stream I/O library are the fopen, freopen, and fdopenfunctions. Their signatures are given in Figure 4-5. After determining that one of theseopen requests is for a parallel stream, PI/OT must instantiate the parallel behaviour for thegiven file and add the resultant parallel file descriptor to its internal list (ParIO list) of par-allel I/O objects. The typical user entry point is fopen. In this case, how will the PI/OTrun-time system know about parallel behaviours? Since the parallel computation tasks arealready identified by the PPS, any file opened by a parallel task may exhibit a parallel I/Obehaviour. Adding the task identifier allows the run-time system to know how to searchfor parallel information. Agiven task can have several file pointers, each with different parallel behaviours.Thus, the name of the variable assigned to the file pointer is passed to the PI/OT run-timesystem, ensuring that the correct parallel I/O object in the right parallel task is properly up-dated. Figure 4-6 shows the parallel version of fopen and its new signature. This signa-ture modification can be done at compile time since both the variable name (fpName) andparallel task type (parTask) are known.The PI/OT run-time system searches the ParIO list of the process to see if the variableand task name tuple are associated with a user-defined parallel I/O description. Note thatthis search method is different from the previously discussed way of identifying parallel filepointers by using the unique system file handle. Since the unique I/O file handle does notyet exist, an alternate way is needed to determine a unique parallel I/O description. If the tuple can be associated with a user-defined parallel I/O behaviour, the PI/OT run-time system will determine how to best open the parallel file. What is best could rangefrom selecting the I/O manager, to making a copy of the file local to improve performance,or to simply opening the file. The parallel open updates the ParIO list with the new nameof the file and the file descriptor value. If the file fails to open properly, the update is notperformed and a NULL file pointer is returned to the user.#include <stdio.h>FILE *fopen(const char *filename, const char *type) ;FILE *freopen(const char *filename, const char *type, FILE *stream) ;FILE *fdopen(int fildes, const char *type) ;Figure 4-5 � Three entry points for stream I/O.

3 8 The parallel open also takes into account whether the process is trying to collectivelyopen the file. As pointed out in Section˚4.2.1, if an open is done in a collective manner,the results are similar except that the access and access coordination are generated by thenewly appointed or created I/O manager.While fopen is the usual approach to opening a stream data structure, reopening a filecauses the argument stream to be closed, regardless of whether it can be re-opened or not.Therefore the return stream will point to the new file or NULL. Because of the semanticsof freopen, there are two alternatives to its parallel implementation (Figure 4-7).Figure 4-7a shows the signature of the first implementation. This version relies on thefact that the passed file pointer has already been identified and defined for the parallel be-haviour. Since a freopen statement is dealing with a previously opened file, only thephysical file that is connected to the file pointer changes. The returned file pointer exhibitsthe same parallel behaviour as the passed file pointer. In this case, no modification to thesignature of freopen is needed.Figure 4-7b shows a second alternative which does require the signature of freopen tochange. As the existing stream is closed regardless whether the opening of the new streamis successful or not, the new variable can be associated with a new parallel behaviour. Inthis case, both the parallel behaviour and the physical file can change. By passing similarinformation as was previously done with fopen, the appropriate parallel behaviour is asso-ciated with the new file descriptor and the existing file pointer (parallel or not) can beclosed. If the second implementation is chosen, the function modification can be done atcompile time along with the fopen modifications. Since this second method can also bedone by a combination of the fclose statement followed by the fopen statement, the firstchoice of implementation should be Figure 4-7a.The fdopen function associates a stream interface with a low-level file descriptor (forexample, a pipe or a device). If the original file descriptor is opened, taking into accountpossible parallel semantics, fdopen will require no modifications because the look-up tablehas been properly updated. If the low-level open is not capable of associating a parallelbehaviour with a file descriptor, the fdopen would be modified in a manner similar to thefreopen and fopen functions.As part of their parallel functionality, all three of these functions will update the look-uptable of defined parallel I/O structures for the process (the ParIO list). Because the func-FILE *Pilot_fopen(const char *filename, const char *type,const char *fpName, const char *parTask ){FILE *fp ;if ( Pilot_isParallel( fpName, parTask ) ) {/* Parallel I/O */fp = Pilot_open( filename, type, fpName, parTask ) ;} else {/* Sequential I/O */fp = fopen( filename, type ) ;}return fp ;}Figure 4-6 � Wrapper code for a parallel fopen.a) FILE *Pilot_freopen(const char *filename, const char *type, FILE *stream )b) FILE *Pilot_freopen(const char *filename, const char *type, FILE *stream, const char *fpName, const char *parTask )Figure 4-7 � Two alternative signatures for freopen.

3 9 tion signatures can change depending on the defined computational parallelism and theuser�s specifications, using compiler technology to add the additional information would bethe most efficient and transparent approach.It should be noted that this does not preclude the possibility of having multiple filepointers pointing to the same file object nor will PI/OT hinder the user from doing this.Resolution of the outcome of such behaviour is undefined. PI/OT does not coordinate be-haviour between different file pointers, it manages the parallel behaviour of a single systemfile pointer.4.2.4 Closing a Parallel File DescriptorClosing a parallel file descriptor will create different actions depending on where orwhen the fclose function is called. Figure 4-8 shows the wrapper code for a parallel closefunction. If the file descriptor has a parallel behaviour (Pilot_isParallel), the run-timesystem tries to gain access to the file pointer (Pilot_resolveAccess). If the process thatopens the file then attempts to close it, this function should cause the process to wait untilall child processes are finished. This can be seen in the simple example given in Chap-ter˚1.1. The Parent process must wait until all Child processes are finished before clos-ing the file. Any I/O requests in the call-chain or pending list that involve the same filedescriptor will block the parent process. The actual close is done by Pilot_close. Theparallel close operation merges file segments into the master file (this may involve blockingdepending on the ordering constraints), flushes data to disk, cleans up any temporary buff-ers and files, and removes the file name and file descriptor from the look-up list of parallelI/O objects in the manager process.Things become more interesting if the close operation is called from a client process.After determining if the file pointer has a parallel behaviour (Pilot_isParallel) and re-solving access permissions (Pilot_resolveAccess), the parallel close function is called.Recall that access is only granted to the client if the client�s own call-chain and pendinglists are empty of requests for the file pointer. However, for the client, the functionality ofPilot_close is different. The file is closed only after consultation with the manager of theparallel file pointer. With global file descriptors (meeting and log), there is only one active process ac-cessing the file, which removes any race conditions. Any inactive I/O work requests aremarked as closed (i.e. the file pointer is set to the NULL pointer) from the manager�s call-chain list. These are I/O requests that have not yet been assigned to a remote process.Note that the I/O requests are not removed, as would be the case if the computation ended.The manager�s pending list requests are processed in two ways, depending on theorder-stamp associated with both the request and close events. (Think of an order-stampas a variant of a time-stamp.) The events maintained by the manager�s call-chain andint par_fclose( FILE *stream ){int status ;if ( Pilot_isParallel( stream ) ) {/* Parallel I/O */Pilot_resolveAccess( stream ) ;status = Pilot_close( stream ) ;} else {/* Sequential I/O */status = fclose( stream ) ;}return status ;}Figure 4-8 � Wrapper code for parallel fclose.

4 0 pending contain an order-stamp which corresponds to the order in which the I/O transac-tions were generated. For the close event, the order-stamp is the same as the one for thefile descriptor assigned in the call-chain that was passed to the client process. First, if the order-stamp of an entry on the pending list is less than that of the fclose,the request will be granted. That is, the work is allowed to proceed as if the file has notbeen closed. Second, if the close has the earlier order-stamp, the request is returned indi-cating that the file is closed. The client process is responsible for terminating the computa-tion task and generating a request for new work from the manager process. It behooves theuser to routinely check return codes for any I/O operation.Independent templates (photocopy) inform the parent process about the close opera-tion. The uncommitted I/O work requests using the affected file descriptor in the call-chain list are marked as closed. As the work is consumed, the pending requests will findthe file closed.If the file descriptor is segmented, the client will contact the manager process and in-form it about the close action. All outstanding work is allowed to proceed but any uncom-mitted work with this file descriptor is marked as closed in the call-chain list. While themanager�s response to the close request is proceeding, the client process closes the filesegment normally and continues execution.4.2.5 Using a Parallel File DescriptorThere are four ways to use a parallel file descriptor. They consist of reading or writingfixed length records, reading unknown length records, writing unknown length records,and movement of the file pointer within the file. While Chapter˚3.1.2 and Chapter˚3.1.3discuss unknown file segments in more detail, unknown length records mean that theactual size of the record read or written is known only after the individual I/O function isfinished.For each of these different types of I/O functions, there is a corresponding modificationto the way the function behaves. In all cases, the first decision is to test if the file pointersupplied is considered a parallel or sequential file descriptor. If the file pointer does nothave parallel behaviour, the sequential function is executed and the results are returned tothe user.In the case of reading or writing fixed length records, since the size is already known,the run-time system can verify that there is sufficient space available for the operation.Figure 4-9 shows the pseudo code for a parallel fread. The file pointer must first be de-termined to have a parallel behaviour (Pilot_resolveAccess). Then, sufficient spacemust be available to do the I/O operation (Pilot_preVerifyFP).While exceeding the boundary is an error for newspapers, exceeding the boundaryint par_fread( char *ptr, int size, int nitems, FILE *stream ){int status ;if ( Pilot_isParallel( stream ) ) {/* Parallel I/O */Pilot_resolveAccess( stream ) ;Pilot_preVerifyFP( stream, size * nitems ) ;status = Pilot_fread( ptr, size, nitems, stream ) ;Pilot_postVerifyFP( stream ) ;} else {/* Sequential I/O */status = fread( ptr, size, nitems, stream ) ;}return status ;}Figure 4-9 � Wrapper code for parallel fread.

4 1 for a report normally involves getting access permissions for the new segment. (The twoexceptions for the report template occur when the new location is less than the value of thebase of the first segment or the extent of the last segment is exceeded.) After performingthe actual I/O operation (in the case of the report, this may consist of a read or write op-eration for each segment), the run-time system verifies that the file pointer is left in a con-sistent and valid state for the parallel template constraints, and that the file is updated in aconsistent and reliable fashion (Pilot_postVerify). That is, temporary files or memorybuffers are flushed to the master file on disk.When the length of a read operation is not known until after the operation completes,two approaches are used to determine if the post-read state of the file is legal. Usingfscanf˚(Figure 4-10) as an example, the I/O operation is allowed to proceed after access ispermitted (Pilot_resolveAccess) but the post-I/O check (Pilot_postVerifyFP) willconfirm that the I/O operation has been completed within the limits described by the I/Otemplate. For global and independent I/O templates, this causes few problems. End-of-file(EOF) conditions will apply normally.Unfortunately, post-read state check is an unsatisfactory solution for segmented tem-plates since memory locations can potentially be modified when they should not be. Anexample of this would be where a read operation crosses the segment boundaries and getsdata from the neighbouring segment. This could happen if PI/OT segments the file logicallybut not physically. The read should either read up to the segment boundary or fail com-pletely because the exclusive access condition has been violated. By replicating a knownlength I/O segment locally, the EOF condition is exploited for the newspaper template anda solution is derived. Unknown segment lengths do not have this problem since they canuse the conventional EOF to determine the limits on the file.For report templates, the end-of-segment (EOS) condition is not the same as the EOFcondition. An alternate solution is to parse the format string and test each read operationseparately � a pre-read operation. If a pre-read operation crosses the segment boundary,the run-time system will need to exchange the segments with the file manager. However,the actual read operation will not fail or notice the exchange. The drawback to this systemis the necessity of two read operations: one from disk and one from memory.If a write operation does not provide a length until after the operation completes, thereis a �simple� solution. Figure 4-11 shows the pseudo code for a parallel fprint. Afteraccess permissions have been resolved (Pilot_resolveAccess) for the parallel fprintf,the output is redirected to a temporary buffer (tmpStream). This could be a temporaryscratch file or a memory buffer. Its length will be checked by the verify operationint par_fscanf( FILE *stream, char *fmtString, va_arg ){/* The term va_arg indicates variable numbers of arguments. */int status ;if ( Pilot_isParallel( stream ) ) {/* Parallel I/O */Pilot_resolveAccess( stream ) ;status = Pilot_vfscanf( stream, fmtString, va_arg ) ;Pilot_postVerifyFP( stream ) ;} else {/* Sequential I/O *//* vfscanf is the va_arg equivalent of fscanf */status = vfscanf( stream, fmtString, va_arg ) ;}return status ;}Figure 4-10 � Wrapper code for parallel fscanf.

4 2 (Pilot_postVerifyFP) and committed to the physical disk as necessary. If the parallelbehaviour is global or independent, the memory stream returned is the actual stream. For anewspaper behaviour, if the buffer exceeds the segment size, the I/O operation is com-pleted up to the boundary (if known) or normally (if unknown). Otherwise, the reportbehaviour causes a segment swap and the new file segment is updated with the remainderof the memory buffer.Finally, there are the control I/O operations such as fseek (Figure 4-12). These func-tions change the location pointed to by the file pointer. In this case, after the access per-missions have been resolved (Pilot_resolveAccess) the parallel seek (Pilot_fseek) isperformed. The alternative fseek is necessary since the user sees and addresses a globalor unified file. Asegmented file must have the offset values modified to fit within thephysical constraints of the file segment. A post condition check (Pilot_postVerifyFP) will confirm that the file pointer is cor-rectly updated. Seeking outside the fixed limits of a segment for a newspaper template isconsidered an error. Unknown file segments are only a problem if the file pointer ismoved to a position less than the base value of the segment. This is considered an errorcondition similar to when a user attempts to sequentially access data before the beginning ofa file. For report behaviours, exceeding the segment boundaries will cause the appropri-ate segments to be exchanged with the file manager except for the starting segment and thesegment containing the EOF. In the case of the starting segment, it is an error to seek beforethe base value and seeking past the EOF only extends the segment if the length is unknown.int par_fprintf( FILE *stream, char *fmtString, va_arg ){/* The term va_arg indicates variable numbers of arguments. */int status ;if ( Pilot_isParallel( stream ) ) {/* Parallel I/O */FILE * tmpStream ;Pilot_resolveAccess( stream ) ;tmpStream = Pilot_tempStream( stream ) ;status = Pilot_vfprintf( tmpStream, fmtString, va_arg ) ;Pilot_postVerifyFP( stream ) ;} else {/* Sequential I/O *//* vfprintf is the va_arg equivalent of fprintf */status = vfprintf( stream, fmtString, va_arg ) ;}return status ;}Figure 4-11 � Wrapper code for parallel fprintf.int par_fseek( FILE * stream, long offset, int mode ){int status ;if ( Pilot_isParallel( stream ) ) {/* Parallel I/O */Pilot_resolveAccess( stream ) ;status = Pilot_fseek( stream, offset, mode ) ;Pilot_postVerifyFP( stream ) ;} else {/* Sequential I/O */status = fseek( stream, offset, mode ) ;}return status ;}Figure 4-12 � Wrapper code for parallel fseek.

4 3 4.3 PI/OT Template Implementation IssuesThe previous section looked at the implementation issues from the viewpoint of thefunctions that are parallelized. This section examines the concerns of implementing the fivetemplate abstractions. There are three subsections that present specific implementation is-sues of the independent photocopy template, the three global templates (log, meeting,and report), and the two segmented I/O templates (newspaper and report).4.3.1 Photocopy TemplateThe independent template, photocopy, treats files similarly to sequential stream I/Oexcept that write operations are visible only to the local client. When the client is finishedprocessing the file, the manager gets the updated file. The user-specified order of the writeoperations determines when changes to the manager�s file become visible to the collective.If a process closes, opens, or reopens a file, the manager will only be informed when theclient is finished processing. This can affect future usage of the file pointer for any inac-tive entries in the call-chain list, as they have not yet been sent to a remote process.However, this will not affect any of the active entries as they are executing concurrently.4.3.2 Global TemplatesThe global file pointer templates (meeting, log, and report) have I/O stream behav-iour similar to the sequential behaviour. There are differences when fclose and freopenare done by a client or when a group fopen occurs. Closing a file on the client side causesthe manager to invalidate all remaining non-active I/O requests left on the call-chain listfor that particular I/O object. Reopening the file results in all subsequent I/O accessthrough the new file. As discussed earlier, when a collective fopen is done, one process isdesignated the manager to control access to the file pointer. The ordering attribute for thetemplate (Chapter 3.2) defines which process gets access to the file next.4.3.3 Segmented TemplatesThe segmented file pointer templates (report and newspaper) differ in that a client re-ceives access permissions for a file pointer that lies within a range specified by the base (orstarting point) in the file and the extent (or the number of bytes) that define the limit of thesegment. At run-time, the base and extent for the client are determined by the manager,either through a user-supplied constant or a call-back segmentation function. The manageradvances its file descriptor to point to the next byte after the end of the client�s segment. The segmentation function has a specific signature defined for it. Figure 4-13 showsan example function where a variable length record consists of an entry defining the num-ber of elements followed by the elements. The first parameter is the parallel file stream(stream). A user assumes that the file pointer is set to the start of the record. The threeremaining parameters are the minimum (min), maximum (max), and current (current)number of processes sharing access to this parallel I/O object. The PI/OT run-time systemwill invoke this function automatically. The PI/OT user-interface needs to ensure that thissignature is used.Note that the user writes this segmentation function using the standard stream I/O func-tions. The user is not permitted to write to the file in the segmentation function, but readand seek operations are permitted. The reason for this is that the segmentation function isonly intended to examine the file, not modify it. The return value is the number of bytescomposing the record. The usual parallel constraints still apply to the file descriptor usedfor segmenting. For example, access permission to the file must be granted; the file pointermust stay within the specified boundaries of its segment. (Recall that a segment can besegmented.)

4 4 In the example depicted in Figure 4-13, the function reads in the number of elements(nElements) found in the record. If there is an error in the read (no more data), the func-tion returns the equivalent of negative one (-1) to the run-time system, indicating that anerror has occurred. Otherwise, the size of the record is calculated and returned to the run-time system. The user does not have to restore or move the location of the file pointer priorto returning, as this is the responsibility of the PI/OT run-time system.An alternate way of segmenting a file would be to have a record consisting of data onthree lines (i.e. every third new-line character delimits a record). Figure 4-14 shows anexample of such a segmentation function for PI/OT. The drawback to this approach to seg-menting is that the data file is effectively read twice, once by the segmenting process andonce by the client process.The client uses a local copy of the segment if the file is opened in write or update mode.This local copy is not necessary if the file is opened using read-only mode. However,checking that the boundary conditions are not violated will require extra care if variablelength read operations are used. If fixed-length records are specified, only the modifiedsegments need to be returned to the manager for updating the master file. If the segmenthas not been modified, it does not need to be updated.If a newspaper template that uses a defined-length extent (a value greater than zero)is selected, each process must stay between the two limits base and base˚+˚extent.Defined-length segments do not mean constant-length records. Rather, the extent is de-#include <stdio.h>#include <myTypeDefs.h>unsigned long segmentFcn( FILE * stream, int min, int max, int current ){unsigned long offset ;int nElements, status ;/* The number of elements composing this record */status = fread( &nElements, sizeof(int), 1, stream ) ;if ( status != 1 )/* The read has failed */return (unsigned long)-1 ;/* Calculate the number of bytes in this record */offset = sizeof(int) + nElements * sizeof(Element_typedef) ;return offset ;/* Return the number of bytes in this record */} Figure 4-13 � An example of a PI/OT segmentation function.#include <stdio.h>unsigned long segmentFcn( FILE * stream, int min, int max, int current ){/* A record is composed of three lines of data (delimiter character �\n�) */unsigned long offset = 0;int count = 0, status ;while ( ! feof( stream ) && count < 3 ) {/* Three line feeds or EOF */if ( (status = fgetc( stream ) ) == �\n� )count++ ;/* Another line feed encountered */offset++ ;/* Another byte offset */}return offset ;/* Return the new file segment extent */} ;Figure 4-14 � Another example of a PI/OT segmentation function.

4 5 termined in advance of the remote process using the file pointer. Currently, the file is seg-mented either by a user-supplied constant or by a call-back segmentation function at run-time. An extension of this work would have the precompiler derive the segment size byanalyzing the code. The user specifies unknown-length records by defining an extentof zero (0).The unknown-length record size is useful when the file is opened using write-onlymode. The processes write in distinct file-segments that are reintegrated into the file inconsecutive segments. In read-only mode, the processes share the same base and, when allthe processes have finished, the maximum of all the extents is used to update the parallelfile pointer.In update mode, the situation is more complicated. The approach taken is to have theprocesses read from the file and write to a local temporary file segment with the appropriatesynchronization mechanisms. Reintegration depends on the ordering attribute. Concate-nating separate segments, as is done with the write-only mode, is not appropriate. The in-tent of the update mode in either sequential or parallel applications is to modify existingdata. Overlaying the segments in a user-specified manner (ordered, relaxed, or cha-otic) respects this intent. However, if one process is reading from the file while anotherprocess is updating the file, the result of the read operation is indeterminate.There are two solutions that avoid this non-determinism. The first is that any write op-eration must require the writing process to get an exclusive write lock on the portion of thefile affected, prior to proceeding. The other processes can grant the write lock when theyare able. This approach works adequately if the read-to-write ratio is large. However, get-ting permissions for every write operation is expensive.The second solution defers the permissions phase until a process is finished with thefile segment. The processes would read from the master file and write to a temporary file.All updates are made to the local copy. When the process is finished, it returns the updatedsegment to the manager. The manager then seeks the appropriate permissions from all theprocesses sharing this file pointer prior to updating the file with the modified segment.This is trivial when using ordered updates in that the process update order has been prede-fined. With relaxed or chaotic ordering, the update permission must be acquired fromall participating processes. Depending on the application, the non-determinism inherent inthis delayed update approach may not be acceptable.One side effect of using unknown-length extents is that both testing for end-of-fileor any read/write operation by anyone other than the owner(s) of the segment will blockuntil the outstanding segments have been processed and reassembled in the file. The order attribute indicates how the file will be reassembled when a client is finishedwith a segment. For example, if ordered I/O is specified, the segments are integrated asspecified by the call ordering. If relaxed I/O is used, segments representing similar work(a type in Figure 3-2) are assembled in an as-received order with the other segments (b typein Figure 3-2) blocked from being committed to disk until all a segments are finished.Chaotic I/O allows any segment to be re-integrated into the manager�s file in an as-received fashion.When a report I/O operation crosses a segment boundary (either less than base orgreater than base + extent), the client requests permission from the manager to access thenew segment. The manager waits until the requested segment is free or it asks the processthat currently has the requested segment to temporarily give the requested read or writepermission for the segment to the client. If the segment is free, the manager passes the newsegment on to the client. To prevent deadlock, the client gives up its current segment be-fore receiving the new segment. The solutions proposed for newspaper templates withunknown-length extents are equally relevant for report templates.To ensure that multiple processes do not have access to the same segment, the manageris responsible for preventing the client or calling process from attempting to move the file

4 6 pointer into areas of the file still controlled by active segments in the call-chain list.Similarly, the manager will block the calling process on an fclose until all the outstandingsegments are consumed. Client processes closing segmented files would not block butmay have side-effects on the application. That is, closing a file will invalidate all non-activework left in the call-chain list for that file descriptor. If the work is invalidated, the nextclient process would be required to open a new file and have the manager re-segment it.There is no requirement to segment the new file at this point for every remaining elementusing this file in the call-chain; as the remaining elements are processed, they would be re-segmented.The freopen does not affect processes currently working on an active segment but anyoutstanding segments waiting for a process are modified to use the new file. Again, thenew file would be segmented upon request.When a client finishes with a file segment, it sends a message to the manager that it isdone. If the segment has been modified, the message also contains the modified segment.The manager processes the client�s message and updates its file appropriately.4.4 PI/OT and EnterpriseThis section presents the specific details about the modifications made to the EnterprisePPS to support the PI/OT parallel programming model. Enterprise meets the minimum re-quirements needed to implement PI/OT as defined in Section˚4.1. Enterprise has a well-defined graphical interface (GUI) for defining relationships between distinct computationaltasks. A source-to-source translator (precompiler) is used to generate wrapper code forremote function invocation, synchronization points, and maintenance of futures. (A fu-ture˚[16] is defined as a memory location that is promised a value in the future. The proc-ess is allowed to continue processing until that memory location is accessed. If the valuehas not been received, the process blocks until the value is received.) The run-time systemis responsible for spawning processes, ensuring messages are reliably sent between proc-esses, marshalling and demarshalling data for remote function invocation.The Enterprise GUI is used to maintain an external file that describes the parallelism forthe application. In this file, the parallel tasks are identified and the relationships to the dif-ferent tasks are defined. An Enterprise parallel task or asset corresponds to a function.Parallelism is realized when multiple invocations of a function are running concurrently,using several processes. The Enterprise PPS does not require the user to learn a new libraryfor parallel behaviours, nor does it extend the sequential programming language (C). En-terprise is responsible for marshalling and demarshalling the parameters of asynchronousremote function calls and identifying futures or synchronization points in the user�s code.These responsibilities are accomplished by a combination of compile-time analysis whichidentifies futures and remote function invocations; run-time libraries deal with the dynamicnature of the application. For more details about the Enterprise programming model as itpertains to this dissertation, see Appendix A. Detailed discussions about different compo-nents of Enterprise are found in˚[44, 45, 49-52, 64, 65, 70, 72, 73, 84]. There are three areas that required intervention or modification to the Enterprise PPS tosupport parallel I/O. They are the graph file, the source-to-source translator (precom-piler), and the run-time library. Section 4.4.1 describes the changes to the graph file;Section 4.4.2 documents the modifications to the precompiler and associated scripts for thestatic analysis; Section 4.4.3 provides details about the modifications to the run-time li-braries to support PI/OT.There are a number of limitations to the current Enterprise implementation of PI/OT. 1. No direct advantage is taken of any physical parallelization of files (for example,striping or declustering). Rather, all files are treated as having a unified single logi-cal image.

4 7 2. Enterprise uses the scope of a parallel function (asset) to define the lowest form ofparallel activity. The definition of an I/O transaction is bound by this same scope.That is, arbitrarily sized atomic I/O statements are not supported.3. The report template is not implemented yet. Neither is the merging of photocopytemplate writes. The deadlock prevention mechanism is not sophisticated enough tosupport these templates. More work is needed in the compiler portion of PI/OT toensure deadlock does not happen.4. For reasons similar to those given in 3, the collective open is not fully implemented.Deadlock prevention requires more compiler support to ensure a general solution.5. There is no check if the user has multiple file pointers opening the same file. If theuser opens the same file using file pointer fa with a global behaviour and a secondfile pointer fb with segmented parallel behaviour, the implementation does not linkthe two separate file pointers to the same physical file. Undefined results are ex-pected.6. The Enterprise precompiler examines only the source code files of the different as-sets that compose the parallel computations. The non-asset user source files or li-braries are not yet searched by the precompiler to modify any fopen statements.Consequently, it is illegal to open a parallel file pointer in anything but a parallelfunction source file. The definition of parallel file descriptors and their behavioursis not yet resolved for non-asset user code. One solution is to query the process tofind out which parallel task is being currently run. Extending the tuple informationto include the sequential function as well as the variable name and current paralleltask to identify the parallel I/O object may be one approach.7. There is no parallelization of the fdopen function because the original low-levelopen function does not take into account possible parallel semantics. The twofunctions, sscanf and sprintf are not parallelized since they modify memory lo-cations, not physical files. Ablock of shared memory would be considered thesame as a file for these two functions. There is no reason why they cannot supportparallel I/O semantics. When Enterprise supports distributed shared memory, a re-evaluation of the parallel behaviours possible for these two functions is needed.4.4.1 Graph File ModificationsEach Enterprise asset type has its own parallel designation. The parallel I/O modelneeds to understand its own parallel requirements and the assets it will call to have the cor-rect behaviour. In the Enterprise graph file, each asset definition contains a field that, forhistorical reasons, is unused. PI/OT uses this previously unused field, EXTERNAL, to defineparallel I/O for each asset as a series of tuples. Modifications to the parsing of the graphfile reflecting this change were made in the precompiler and run-time system. For now, theGUI was not modified as it is not used by PI/OT. Normally, the graph file data would not bewritten by the user. Rather, the GUI would create the text file based on all the informationsupplied by the user. For other PPSS, there must be some way of integrating the paralleltask definitions with the parallel I/O requirements. Figure 4-15 shows the general outlineof a PI/OT tuple�s format for an Enterprise graph file.Each tuple consists of the variable name of the file pointer used in the asset (varName).Following it is the parallel mode of the file pointer (parMode). There are currently five ac-ceptable choices. The template read and write ordering attributes (readOrder and write-Order) can be optionally defined for the parallel mode. For read ordering, they are ro(ordered read), rr (relaxed read), and rc (chaotic read). Similar attributes are specified forwrite ordering. The remaining mandatory entry defines whether the I/O transaction size(BlockFactor) is either a per-I/O statement (atomic) which is currently ignored, or a per-

4 8 asset (block). Since Enterprise does not permit missing entries, all of these mandatoryentries must be present.If the parallel mode chosen is segmented (NEWSPAPER or REPORT), there must be a seg-mentation function or constant (segmentSize) defined for every asset that gets passed thefile pointer. The segmentation of a file is based on the requirements of the different com-putational blocks that access it. If there are different types of computational blocks, eachtype could require different amounts of data. If the asset is replicated and it invokes anfopen, freopen, or fclose function (collective behaviour), there must be a segmentationvalue specified for the asset. The value is either a zero for an unknown length segment, apositive integer representing the size of the extent in bytes, or a user-defined function thatthe run-time system will call to determine the extent whenever the file is opened or passedin a remote asset call. This function may also return the value of -1 (or its equivalent as anunsigned long), which indicates to the PI/OT run-time system that an error has occurred.The current action upon encountering a segmentation function error is to ask the PPS to re-port the error and shut down the parallel application.To clarify the use of the PI/OT tuple in Enterprise, an example graph file is provided inFigure 4-16. The graph file is based on the example first discussed in Chapter 1.1. Howthis example has been �Enterprised� is explained in Appendix A.2.1. There are two paral-lel file pointers defined in the Parent asset stanza. The first one, fin, is to be treated as asegmented parallel file (newspaper) while the second one, fout, is a global write appendparallel file (log). The granularity of atomic I/O operations is at the function block levelrather than at the atomic statement level.The read and write attributes are ordered for fin. This is the default case and there isno need to change this as fin is opened read-only. However, the write ordering of foutcan be relaxed since it was determined that the order of output was irrelevant as long astransactions did not overlap each another. In this case, chaotic writes would be equally ac-ceptable since only Child processes access the file.varName parMode readOrder writeOrder BlockFactor [assetName=segmentSize]where:varName := character stringparMode := {MEETING | LOG | PHOTOCOPY | NEWSPAPER | REPORT}readOrder := {ro | rr | rc}writeOrder := {wo | wr |wc}BlockFactor:= { a | b }assetName := character stringsegmentSize := {0 | >0 | functionName}functionName := character stringFigure 4-15 � Format of a PI/OT entry for an Enterprise graph file.Parent line 1 1 1 ORDERED NODEBUG NOPTIMIZECFLAGSEXTERNAL fin NEWSPAPER ro wo b Child=4 fout LOG rr wr bINCLUDE sherwoodpkEXCLUDE maligne-lkChild individual 3 4 UNORDERED NODEBUG NOPTIMIZECFLAGSEXTERNALINCLUDEEXCLUDE sherwoodpkFigure 4-16 � An Enterprise graph file with PI/OT extensions.

4 9 The Parent process opens the file. Since it cannot be replicated (a property of beingthe first asset) there is no need for a definition of a segmentation value. However, Parentdoes pass the two file pointers to Child. In this case, the user chose to limit each segmentsize to a constant value of four bytes and the definition is Child=4. An alternative wouldbe to define a function (Segment4) that returns the value 4. In that case, the definitionwould be: Child=Segment4. There is no need to specify the segmentation functions in aparticular order, nor to specify any unused segmentation functions.4.4.2 Static Analysis AdditionsThe Enterprise source-to-source translator (precompiler) uses the graph file to modifyonly certain parts of the user�s source code for the parallel computational behaviour � theasset source files. However, PI/OT needs to replace all the stream I/O functions except forfopen in both the asset code and non-asset source (sequential) code. Enterprise does notexamine sequential code because there is no control parallelism located there. Because thisdeficiency (from PI/OT�s viewpoint) of the current Enterprise precompiler not examining allthe source code, a sed2 script is used to search the user�s sequential code and replace theI/O statements. One limitation of the sed script is that non-asset code cannot open a fileusing a parallel behaviour since the signature of the fopen is not changed. Because theprecompiler looks only at the asset source code, only the asset code has the fopen functioncalls modified.PI/OT replaces the standard stream I/O functions with a corresponding parallel I/O stubfunction, ENT_XXX, where the XXX is replaced with the name of the corresponding I/Ostream function or macro. This replacement is done before the source code is preprocessedeither by the Enterprise precompiler or by the conventional compiler (cc). These compilersprocess any macros such as feof or getc. Each time the file pointer variable is passed inthe I/O function invocation, the stub I/O function examines the pointer to determine if thevariable is a parallel file pointer.The lookup list (ParIO) for identifying parallel I/O descriptors is created and main-tained by the PI/OT run-time system for each asset object controlled by a process. Aqueryfrom the stub I/O function asks the run-time system for the asset currently in control. Thisasset is then asked to search its ParIO list to determine if the file pointer has a parallel be-haviour.The interesting part of modifying the source code is found in the entry points into thestream I/O. The two entry points are the freopen and fopen functions. As discussed inSection 4.2.3, there are two possible implementations of the parallel freopen. The firstmethod, where the physical file is changed but the parallel I/O behaviour remains the same,was chosen. The freopen function signature is not modified and the sed script is suffi-cient to search and replace for the appropriate PI/OT stub function. This method allows theuser to reopen a file in the sequential code as the parallel behaviour has already been estab-lished.The other user entry point is fopen. Figure 4-17 shows the modified function signa-ture. In this case, the file pointer has not been initialized nor has the file been identified as aparallel file. The run-time system needs to couple parallel behaviours to files. Recall that aparallel computation task is already identified by Enterprise as an asset. Consequently, anyfile opened by an asset may exhibit parallel behaviours. Adding the asset name allows therun-time system to know where to search for parallel information. However, a given assetcan have several file pointers, each with different parallel behaviours. The name of the ac-tual variable that is being assigned is passed to the run-time system to ensure that the cor-rect parallel I/O object is updated.

2 sed (stream editor) is a standard UNIX program that applies a series of editor commands to a file.

5 0 The Enterprise precompiler was modified to search the asset code files for occurrencesof fopen. The precompiler then adds two text strings to the fopen parameter list. The firsttext string contains the name of the assigned variable in the fopen statement. The secondtext string contains the name of the asset which identifies the transaction type. All fopenfunctions in asset source files are modified, regardless of whether they are designated par-allel or not. If a file pointer is not designated as having a parallel behaviour, the pointer istreated as having a sequential behaviour. Thus, a user need only modify, add, or delete filepointers in the graph file and rerun the application again to test a new parallel I/O behav-iour.It is important for the parallel fopen function to return a normal stream I/O variable. Auser calls sequential functions using the file pointer. If a parallel file pointer is passed tosequential functions, the correct parallel behaviour is still performed, as all the I/O func-tions in the source code have been replaced with parallel equivalents. Apossible improve-ment would be to replace the sequential I/O library with a parallel version. This parallellibrary would only be linked if the application has been properly preprocessed to reflect themodified parallel I/O function signatures.The Enterprise precompiler also modifies the stub or wrapper functions it generates foreach type of asset invocation and the corresponding return variable so that the I/O variablesare identified and declared properly. When a remote function is invoked, the parametersare sent to the process that will execute the function. If the message contains file pointers,PI/OT replaces those file pointers with the correct parallel I/O data structures. Upon receiptof the message, the remote function would create the parallel file pointers before invokingthe function. When the remote function returns, the modified file pointer is intercepted andthe appropriate parallel I/O data is sent.The precompiler also adds the names and addresses of the segmentation functions foreach asset into a global vector so the run-time code can look up a given function by nameand then invoke it. Some work has been done to search the symbol table of the executableso that this global vector is unnecessary. However, if the executable is stripped (i.e. thesymbol information is removed), such a search does not work.4.4.3 Run-time LibrariesThe PI/OT run-time I/O library, while based on Enterprise functionality, is not dependenton Enterprise. The ability to send and receive messages and retrieve parallel computationalinformation is all that is required. There is some intervention in the Enterprise run-timecode to include the parallel I/O functionality which occurs in five places: the asset graph(parallel I/O data management), the remote function invocation (file pointer marshalling),processing (file pointer demarshalling), the remote function return (updating and integrationof file), and parallel I/O event generation. The actual parallel I/O code was kept separatefrom the existing run-time library as much as possible.The Enterprise implementation of PI/OT has modified the graph file to store the staticparallel I/O information. At run-time, the graph file is converted into an asset graph.This graph contains both dynamic (the number of processes for a given parallel type, whichprocess manages the group) and static information (type of parallel behaviour, constraintsabout process location) for each parallel computational type. For parallel I/O, each parallelobject (or asset) maintains the two parallel I/O lists, call-chain and pending, plus a de-scription and current status for each parallel I/O object assigned to the asset (the ParIOlist).FILE * ENT_FOPEN( char *fileName, char *mode, char *variableName, char *assetName )Figure 4-17 � The signature of an Enterprise parallel fopen function.

5 1 Each entry in the call-chain and pending list contains sufficient information to de-scribe and construct a parallel I/O object. Each entry contains the address of the manager ofthe I/O descriptor, the type of parallel I/O behaviour, the name of the file currently attachedto this descriptor, the base and extent (if segmented), the access permission, orderinginformation, and the internal stream file pointers.In some cases, the parallel behaviour requires two separate file descriptors — one foruse by the application and one for any temporary files or memory buffers. Temporary filesare located by default in the directory /tmp to minimize the impact on the network. Thisdefault value is overridden if the user sets the shell environment variable,ENTERPRISE_IOTEMP, to indicate some other location. For example, setting the environ-ment variable to tmpIO will locate any temporary files in the directory tmpIO which is lo-cated relative to the current working directory of the application.All stream I/O functions have parallel counterparts except for sscanf, sprintf, andfdopen. This makes the checking for parallel behaviours simple and consistent for thesystem. The actual check is a minor cost compared to doing the I/O. When the user in-vokes an I/O function, the parallel function determines if the I/O operation is for a parallelor sequential file pointer. If the file pointer is sequential, it is passed to the appropriate se-quential I/O function and the return code is passed back to the user. If the file pointer isparallel, its asset is queried for the current state of the parallel object. Depending on theactual I/O operation, the currently defined parallel I/O behaviour, and the state of the asset,a number of messages are generated to prepare for the I/O operation. The run-time systemchecks the I/O operation to confirm it can be safely done within the constraints of the par-allel template and then performs the I/O operation. Afterwards, the return code of the I/Ofunction is passed back to the user.Each invocation of a remote function call that includes a file descriptor in the formal ar-guments passes the current state of the parallel I/O object. This state is stored in the call-chain. The Enterprise marshalling code was modified to detect the file descriptor parame-ter. The Enterprise precompiler modified the stub codes. The run-time system searches fora file pointer in the asset�s ParIO list. The parallel I/O object is updated and flattened intoan ASCII stream suitable for sending to the remote process. If the parallel behaviour issegmented, the I/O segmentation function associated with this parallel I/O object and thecalled asset is invoked to determine the extent of the segment.Each function invocation is assigned a unique (per process) identifier which doubles asthe transaction identifier. The call-chain list controls the sequence or progression of I/Ooperations for the application. As the remote assets (client) reach the point where theyneed to update or gain access to a particular I/O object, the caller asset (manager) regulateswhich process gets access to the file or file segment.When a client receives a parallel file object, it creates a new I/O object based on the datastream received. Since a client can have multiple assets, the I/O object must contain thename of the asset it is associated with. The client then matches the object�s asset type toone of the assets it manages. The matched asset then searches in its ParIO list for the par-allel I/O object. The asset�s I/O object is updated and the file is opened appropriately. Ifthe run-time system fails to find the correct asset and the correct I/O object, the applicationis shutdown. When the asset parameters are completely processed, the computationalfunction assigned by the user to the asset is called. When the file pointer is accessed in theuser�s code, the access permissions are required from the caller asset prior to performingthe I/O. A message is sent to the I/O manager to request access which blocks the client as-set from further processing until the manager returns.The caller asset may receive many such requests and saves the ones it cannot satisfy inthe pending list. For example, if a request is received out of order (this depends on theordering attribute) or the caller does not currently have access permission, the request is

5 2 queued. The caller asset periodically checks through the pending list to see if it can re-solve any outstanding I/O requests.As each asset finishes with its file pointer, it updates the parallel file data structure,closes the file pointer, and returns the modified file pointer to the caller. Upon receipt, thecaller searches its call-chain list and deletes the corresponding object after updating itsown parallel file object in the ParIO list, if necessary. This is different from the Enterprisemodel of parameter passing which allows parameters to be considered as one of three types� IN, OUT, or INOUT. IN parameters are not returned to the calling asset and consequentlydo not generate futures. OUT parameters are only returned to the calling assets and are notpassed to the remote asset. INOUT parameters are passed in and returned back. The lasttwo parameter types always generate a future. All I/O objects are considered as beingINOUT parameters and will always generate a return message containing data. However,I/O objects do not generate a future in the Enterprise sense. The checking of the current I/Ostate by the parallel I/O stub functions replaces the generic future checking done by Enter-prise. The marshalling code reflects this approach regardless of any attempt by the user tooverride (e.g. using the Enterprise IN or OUT marshalling macros).In addition to the parallel I/O objects contained in ParIO, each asset definition is asso-ciated with a parallel I/O behaviour � single, managed, or replicated. Depending onthe behaviour, the I/O is performed differently. For example, if a parallel fopen call occursin an asset that has a replicated I/O behaviour, the asset would request its I/O manager tocoordinate the open. Alternatively, a managed asset is a specialized system object thatcontains no user code. Its purpose is to synchronize and coordinate access to a file. Thesebehaviours are based on the asset�s replication factor and whether the asset is defined to bea manager or worker type by the Enterprise runtime system.As a tool for performance monitoring and debugging, Enterprise generates event mes-sages for parallel activities. These messages are generated and collected when debuggingthe application or analysing for performance bottlenecks. Since I/O can have a significanteffect on the performance of a parallel application, a set of I/O events was made available tothe Enterprise interface. A list of the current I/O events is found in Figure 4-18. They aretypically in pairs.An I/O transaction starts when the I/O manager sends a message (sentIOMsg) and theclient receives it (rcvdIOMsg). When the client actually starts the transaction, the event,processIOMsg, is generated. If the client is finished using a given parallel file pointer be-fore the overall I/O transaction is finished, the doneIOMsg event is generated. This indi-cates that the client has no further use for this file pointer but does not necessarily indicatethat the I/O transaction is completed. That is, the run-time system can determine (or beprompted by the user) that the indicated parallel file descriptor will not be used any more in#sentIOMsg manager client msgTag time IOState#rcvdIOMsg client manager msgTag time IOState#processIOMsg client manager msgTag time IOState#doneIOMsg client manager msgTag time IOState#sentIOReply client manager msgTag time IOState#rcvdIOReply manager client msgTag time IOState#IOAccessSurrender client manager msgTag time IOState#IOAccessGained manager client msgTag time IOState#IOAccessRequest client manager msgTag time IOState#IOAccessGranted manager client msgTag time IOState#performIO process IOType msgTag time IOStateFigure 4-18 � The different I/O events for Enterprise.

5 3 the transaction. This early release can improve concurrency. Currently, the early releasemechanism is inserted by hand. Future research with the static analysis should do thisautomatically. The manager processing the reply generates the rcvdIOReply event. Theend of an I/O transaction generates two events � the client indicates it is done(sentIOReply) and the manager processes the reply (rcvdIOReply). If a client surrenders the access permission of a given file pointer to its I/O manager, theIOAccessSurrender event is generated with the corresponding manager�s IOAccess-Gained event. The IOAccessRequest event is sent by the client to the manager for per-mission to access the requested file descriptor. Both global and report templates can gen-erate this request. When access is granted, the manager generates the IOAccessGrantedevent. The manager generates a rcvdIOReply event upon processing the early-release.The format of the message for any of these paired events is the same. The messageconsists of a tag identifying the event, a parallel task identifier of the event generator (this isunique for the application), the parallel task identifier of the I/O operation recipient (againunique for the application), a per-process unique message tag, a time stamp vector (for or-dering of events), and the current state information of the parallel file pointer.For the one unpaired event, performIO, the format of the message consists of the eventtag identifying the event, the unique parallel task identifier of the event generator, the nameof I/O function performed (for example, fseek), a per-process unique message tag, a timestamp vector (for ordering of events), and the current state information of the parallel filepointer.4.5 Deadlock PreventionA PI/OT implementation must address the issue of deadlock˚[19, 39, 68, 71, 74]. Withthe sharing and coordination of multiple file pointers tied together by remote function invo-cation or by collective open statements, there is a significant component of any implemen-tation that is concerned with deadlock prevention. The PI/OT run-time system must deter-mine if a request for a given file pointer is safe or deadlock-free.First, the four necessary conditions for deadlock are listed. The PI/OT constructs asso-ciated with each condition are identified. Second, measures to avoid or eliminate the con-ditions for creating deadlock are described. Finally, the current state of deadlock preven-tion in the Enterprise implementation of PI/OT is presented.There are four necessary conditions for deadlock˚[19]. They are:1. Mutual Exclusion. The global parallel I/O behaviours (meeting, log, and re-port) satisfy this condition since only one process can access a file or file-segmentat a time. This condition cannot be completely eliminated.2. Hold and Wait. This condition occurs if a process holds a lock and is waitingfor exclusive access to another file that is locked by another process. If a transac-tion requests all its locks prior to execution, this condition is avoided. However,utilization will drop if all the locks are not needed immediately. To increase theconcurrency in a PI/OT transaction, the locks are not all sought after at once. Rather,asking for exclusive access or a file lock is delayed until the first I/O access in thefunction. If the order of requesting file locks is not consistent, this condition willbe satisfied. The relaxed and chaotic ordering attributes of PI/OT templates ensurethat this condition cannot be avoided without committing to exclusive access for allthe other global file pointers in the transaction.3. No Preemption. A process with exclusive access cannot have access taken awayuntil it has finished all the I/O with that file pointer. I/O access is asked for whenneeded. Apremise of PI/OT is that I/O cannot be rolled back. This condition fordeadlock cannot be eliminated.

5 4 4. Circular Wait. There exists a cycle of processes each waiting for a resource thenext process holds and will not release. This case is similar to the situation in Con-dition 2. Transactions are identified by the remote file pointer variables. Cyclescould inadvertently be created if some unique method of identification of a filepointer is not used. The current deadlock prevention implementation uses theunique per-machine, low-level operating system file number to identify parallel filepointers rather than the name or address of the file pointer structure in order toavoid this aliasing problem.When is deadlock prevention not needed in PI/OT? If there are no global I/O behavioursin the transaction, the application avoids the first deadlock condition. Having only oneglobal file pointer per transaction avoids the second and fourth deadlock conditions. If theread and write attributes for all global file pointers are defined as ordered, there is nodeadlock. The order of access to the file has been pre-defined and any out-of-order re-quests will be held until needed. Relaxing the ordering attribute of any one of the globalfile pointers (relaxed or chaotic) can lead to deadlock.4.5.1 PI/OT Deadlock Prevention In EnterpriseThe Enterprise view of the scope of a transaction is defined as the scope of a remotelyexecuted function. However, a transaction does not start until a remote process actuallyuses one of the parallel file pointers. When a process requests access to a global filepointer, the entire transaction that the remote process is using is examined and all global filepointers contained in the transaction are then committed to that process. This ensures thatthe hold and wait condition is not possible. All the necessary file pointers will eventuallybe accessed. This is a first step to eliminating the potential for deadlock. However, theordering attributes can create a condition where deadlock is possible.When a process is seeking exclusive access to a particular file pointer, the currentdeadlock prevention algorithm first determines the overall ordering of the transaction thatincludes the file pointer. This is based on all the global file pointers in the transaction. Therun-time system identifies the critical file pointer which could cause a deadlock condition.If this is not done, deadlock can occur. Consider two global file pointers, f and g. I/O operations with f are defined as or-dered while with g the ordering is relaxed or chaotic. If a process, Pt, generates threeof these transactions, the pending list would contain the following entries (f1, g1, f2, g2, f3,g3) where the subscript indicates the transaction identifier and italicized entries indicate thataccess is available to be granted.If Pt grants a requesting process, P2, access to g1 (a property of the ordering semanticsof g), the transaction tuple is marked as owned by P2. The pending list looks like (f12, g12,g2, f3, g3) where the superscript entries indicate the identifier of the process that now ownsthe transaction. The bolded entries indicate that this process currently has access. How-ever, this is incorrect as f1 should not be granted to P2 since access to f is defined as or-dered.The current solution defines an overall transaction ordering attribute based on the mostconservative value of the attributes of the parallel file objects. Using the first example, therequest from P2 for g would not be granted as the ordered attribute indicates that only P1has the correct tag in order to grant access to f1. When any file pointer of a marked trans-action is ready to grant access, the permission is sent to the marked process which may ormay not be blocked waiting for it. Still, other processes waiting on the file pointer areblocked until the marked process relinquishes the access permission.Part of the conditions for granting access is validating the file pointers. To show thenecessity of this, consider three file pointers, f1, f2, and f3 that are connected to three dif-ferent files. The three file pointers are managed by one process and are used in two differ-

5 5 ent transaction types. The first transaction definition contains f1 and f2 while the secondtransaction contains f1 and f3. With a chaotic ordering defined for f, a process of thesecond transaction type could ask for access to f1 and inadvertently be granted a transactionof the first type. This results in an error.The current solution to deadlock prevention limits the expressibility of the ordering at-tributes. More work is needed in this area. As seen later on in Chapter˚5.3, an early re-lease mechanism can be used to avoid the need for deadlock prevention and subsequentlyimprove performance. Future work with static analysis can automatically insert early re-lease functionality into the user�s code.4.6 Chapter SummaryThis chapter outlined how the PI/OT programming model should be implemented ingeneral and how PI/OT has been implemented in the Enterprise parallel programming sys-tem. It is important to note that only minimal intrusion into the PPS is necessary to imple-ment this system. This minimal intrusion bodes well for transferring PI/OT to other parallelprogramming systems. The efficiency of the Enterprise implementation is dealt with inChapter 5.There are few changes to the standard stream interface. Only the fopen function hashad its signature changed and the changes can be handled automatically by a source-to-source translator. The various I/O macros, such as getc or feof, have been replaced withfunctions to allow a test for parallel behaviours. The user specifies what computationaland I/O parallel behaviours are required, separate from the source code. The compiler thenuses this information to determine how to modify the source code in order to implementthe parallel behaviours. The run-time system takes the dynamic information and determineshow to perform the I/O efficiently.For the Enterprise implementation of PI/OT, the precompiler replaces the stream I/Ofunctions with matching wrapper functions in the asset source code and, in the case offopen, adds two variables to the parameter list. For the non-parallel source code, a sedscript was used which does not modify any function signatures. This last step means thatonly the asset source code can open a parallel file descriptor.There are five identified areas where the run-time library of the PPS interacts with thePI/OT run-time library. They are: the asset graph (parallel I/O data management), the remotefunction invocation (file pointer marshalling), processing (file pointer demarshalling), re-mote function return (updating and integration of file), and parallel I/O event generation.The only non-standard user-level feature of this implementation is the use of call-backfunctions for the dynamic segmentation of the file. Later implementations may try to havethe compiler provide this information. For static segmentation, the user can specify a con-stant value in the external specifications. Changing the value does not force a recompilationof the code because Enterprise reads the parallel specifications at run-time. Since the com-piler modifies all the I/O statements, the only time an application needs to be recompiled iswhen the segmentation function is changed. Otherwise, adding, modifying or deleting par-allel templates is a run-time operation. This makes for rapid prototyping of the application.If more than one file pointer is shared between the various processes, deadlock preven-tion is needed. The scope of a transaction is the scope of the remote function. Conse-quently, the first parallel file pointer used will set the ownership of the entire transaction.The ordering attributes of individual file pointers can cause deadlock. However, deter-mining an overall ordering attribute for the transaction based on the most conservative or-dering will avoid this potential for deadlock. The cost of deadlock prevention is seen in thelack of expressibility of the ordering attributes and the subsequent reduction in concurrencyof the application. If it is not safe to grant access, the remote process is blocked.

5 6 Chapter 55. PerformanceThe description of the model (Chapter˚3) and the implementation (Chapter˚4) havebeen presented. This chapter describes the attempts to justify the claims that this top-downmodel to parallelizing I/O is simple and effective to use while providing a reasonable per-formance when compared with the current hand-coded approaches.Five experiments are presented. The first two address performance comparisons be-tween a hand-coded approach using PIOUS and the high-level PI/OT approach. The two ap-plications display a similar computational parallelism but have quite different I/O require-ments which stress the I/O system(s). The first has fine-grained I/O and the second hascoarse-grained I/O.The first performance experiment (Section 5.1) is drawn from a molecular docking ap-plication at the University of Alberta. The original application looks at placement andalignment of a protein fragment onto a larger protein molecule (the smaller fragment�docks� at the larger molecule). The application used in this experiment consists of read-ing, processing, and writing blocks of data (molecules) on disk. These blocks consist ofobjects within objects within objects. Each object can be of variable length on disk. Eachindividual I/O operation is quite small, consisting of four to several hundred bytes within asingle record. The second performance experiment (Section 5.2) consists of coarse-grained I/O � disk-based matrix multiply. The application processes a large (1.3 gi-gabytes) amount of data and quickly saturates the network.The third set of experiments, Section 5.3, examines the useability and composability ofPI/OT as discussed in Chapter˚3.2. This experiment consists of two parallel computationalapproaches (heterogeneous children, Sections 5.3.1 and 5.3.2, and a pipeline, Sec-tions˚5.3.3 and 5.3.4). Synchronization between different types of child processes is re-quired and is based on the run-time invocation behaviour (the call-chain, Chapter˚4.2).As well, the inheritance of the caller�s I/O constraints modify the child�s subsequent use ofthe file pointer in any remote procedure call. Both the performance and useability of someof the different combinations of the PI/OT I/O model and the Enterprise parallel program-ming model are presented.By specifying the parallel computational and I/O requirements separate from the sourcecode, no recompilation is required when the I/O templates are changed. The effects of in-creasing process replication factors or changing the I/O model are examined. The Enter-prise programming model does require recompilation if parallel computational tasks arechanged. That is, if two separate task types that were specified as parallel are now consid-ered as one, or if one task type is split into two, the wrapper functions must be re-implemented by the Enterprise precompiler. Another part of this third set of experimentsexamines the potential gain in concurrency (if any) by the timely release of file access per-missions. Currently, the insertion of the release mechanism is done by hand. However,future work will look at the insertion of the release mechanism by compiler tools.The fourth experiment, Section˚5.4, revisits the molecular docking problem first pre-sented in Section˚5.1. This time, the effect of dynamic segmentation, where the size ofeach file segment is determined at run-time by using a call-back function, is examined. Theperformances of three different segmentation approaches are examined using four levels ofcomputational granularity. In the fifth experiment, Section˚5.5, the lessons learned in the previous experimentsare applied to the fine-grained example first seen in Section˚5.1 The effect on performance

5 7 is examined when a more complex parallel computational and I/O version is created. Theease of integrating the additional parallel I/O requirements with the new computational par-allelism is shown. Performance results indicate that this more complex application canyield better performance than the simpler versions discussed in Section˚5.1 and Section5.4 when using a heterogeneous workstation cluster instead of the alternative homogeneousworkstation network. Section˚5.6 presents a summary of this chapter.The Enterprise parallel programming system˚[70] was used to implement PI/OT. ThePIOUS parallel I/O system˚[57] was used for performance and coding comparisons. Thechoice of PIOUS was made for three reasons. First, the MPI-IO implementations which hadjust been released at the time of testing were alpha implementations based on a changing�standard�. It would be difficult to draw meaningful comparisons and conclusions aboutthe performance of either system. Second, PIOUS has been available for over a year andseems relatively stable. The third and primary reason for using both Enterprise and PIOUSfor these experiments is that these two systems both use PVM˚[30] as the underlying com-munication system.Previous work˚[65] examined the performance of Enterprise and PVM as it relates to thecost of communication and templated computational parallelism. The simple parent-childcomputational parallelism of both performance experiments provides similar performancewith either Enterprise or PVM. This provides a comparison point to ensure that the currentimplementations of Enterprise and the hand-coded PIOUS applications are performing ade-quately. By keeping the hardware and the communications software constant, moremeaningful comparisons can be drawn about the I/O.Comparing PIOUS with template I/O is not intended as a critique of PIOUS or of any otherparallel I/O system. Rather, it is intended as an experiment to see if parallel I/O templatesare viable. It is assumed that low-level libraries and special parallel file systems like Gal-ley˚[61] would be integrated with the high-level templates in a fashion similar to what En-terprise has demonstrated with computational parallelism.For all of these experiments, the parallel times given are the elapsed times or clock-on-the-wall times. The sequential times, unless otherwise noted, are the user times as deter-mined by the getrusage system function and represent the actual time spent by the appli-cation using the processor.5.1 Fine-grained I/OThis section examines in detail the parallelization of a real problem in order to illustratethat template I/O can realize little or no loss of performance in comparison to the imple-mentation in PIOUS. The program is derived from a molecular docking problem in bio-chemistry at the University of Alberta. The original application looks at placement andalignment of a protein fragment onto a larger protein molecule (the smaller fragment�docks� at the larger molecule). Each molecule and fragment is stored as a series of nestedobjects on disk. That is, one object contains other objects which in turn contain other ob-jects. Each object is has a variable size. For this experiment, the biochemistry component was removed and replaced with afunction that simulated the computational time spent on each sub-object. This allowedmore control and flexibility when changing the computational granularity. The reading andwriting of objects is dispersed throughout the computations and is fine-grained in nature(four to several hundred bytes).In Figure 5-1 the application specifics have been abstracted out, leaving the high-levelI/O view of the program. The code looks similar to the example given in Chapter 1.1, butthe Child function is different. As well, the rewind introduces new synchronization con-siderations.

5 8 In the sequential version, the Child reads data from a file (fin) and performs calcula-tions, with the results going to an output file (fout). Once the input is exhausted, the mainprogram rereads the output file to analyze the results (Stats).5.1.1 Data File LayoutThe input and output files contain data objects within data objects within data objects.Each object has its own specific read and write functions and knows how many immediatesub-objects it contains. All I/O is spread throughout the code and is quite fine-grained(four to several hundred bytes at most for any individual I/O operation). In the real appli-cation, the data objects are all variable length. In order to make it easier to compare per-formance with PIOUS, the objects were fixed in size with the resultant input records set to aconstant length of 352,108 bytes, creating output records 18,050 bytes in length.The format of the input file is such that an arbitrary number of Child records are storedconsecutively. Only by reaching the end of the file does the application know how manyChild records are in the file.AChild input record (Figure 5-2) starts with a four byte integer, n, indicating thenumber of CEDE record blocks. A CEDE block (shaded) consists of one C block, one E datablock, one D data block and one E data block. The n CEDE record blocks follow. Afterthese data blocks, a single E record block (shaded) indicates the end of the Child record.#include <stdio.h>main( int argc, char **argv ){FILE *fin, *fout ;/* Input and output file descriptors */fin = fopen( argv[1], �r� ) ;/* Open the input file */fout = fopen( argv[2], �w+� ) ;/* Open the output file */while ( ! feof( fin ) ) {/* Until end of file, work */Child( fin, fout ) ;}fclose( fin ) ;/* Close the input file */rewind( fout ) ;/* Rewind the output file to the beginning */Stats( fout ) ;/* Perform summary statistics on output */fclose( fout ) ;/* Close the output file */return 0 ;}Figure 5-1 � Sequential code for fine-grained I/O test program.EDEBeginning of fileEnd of file

Child Record 1Child Record 2Child Record MN1CEDEECEDE

N2EECEDE

EDEENMCEDECEDE

CCEDECCED

Figure 5-2 � Layout of an input data file for the fine-grained I/O experiment.

5 9 A C and D record block have similar formats on disk. They consist of a four byte integerwhich indicates the size of the two vectors that compose the balance of the record block.There is first an integer vector followed by a character vector. An E record block is similarto the C and D record blocks except that the order of the two vectors is reversed (i.e. a char-acter vector followed by an integer vector).The output file consists of a number of Child output records. The actual number de-pends on the number of input records processed. The output file of a Child record startswith a single character indicating the type of record block, followed by a four byte integerindicating the number of CEDE output data blocks that follow. Each CEDE data block iscomposed of a C, E, D, and E record block. These records have the same format, consist-ing of a single character indicating the type of record, a four byte integer for the number ofelements used, and a constant sized vector of doubles (eight byte real numbers). AsingleE record block indicates the end of the Child output record. The size of a Child outputrecord is dependent on the number of CEDE records read in from the input file.5.1.2 Parallel Design ConsiderationsSince the Child tasks are independent of each other, multiple Child processes can runconcurrently. They need only coordinate reading from the input file and writing to the out-put file. There is no need to preserve the correlation between the input file order and theoutput file order.Coordination of the input file must guarantee that each input datum is processed pre-cisely once. Since it does not matter which Child does which piece of work, segmentingthe input file avoids the inefficiency of having to synchronize file access. Each Childprocess reads a contiguous interval in the file. The program has been set to use an inputsegment size of 352,108 bytes. Output file access also needs to be synchronized. The se-quential program appends to the end of the output file. However, since the output data is afixed size for each piece of input data, the output file can also be segmented.Segmenting both the input and output files eliminates the need for Child processes tosynchronize their concurrent activities. However, they must synchronize before the se-quential Stats function can be called. A barrier is necessary to guarantee that all the resultsare in the output file. The barrier is found in the rewind function since this function putsthe Parent�s file pointer in a position that potentially allows two processes access to thesame segment. Stats does a sequential read of the output file, summarizing each record.If the parallel application is created by hand, a parallel programmer must be careful with theoutput file, since the Child function will need to treat it as parallel I/O, while Stats willtreat it as sequential I/O.Since there are few constraints on the ordering of input and output, it allows experi-mentation with a variety of parallel I/O implementations.5.1.3 Template I/O in EnterpriseUsing the graphical interface, the programmer specifies that one process, called Par-ent, can call multiple instances of the Child process. To have this program run correctlyunder Enterprise, the user must make a number of small changes (modifying the Child pa-rameter list and renaming the main function), as shown in Figure 5-3. The changes to theuser code are Enterprise-specific (either for data marshalling purposes or identifying paral-lel tasks) and have nothing to do with parallel I/O. In the implementation generated by En-terprise, each call to Child is translated into a message sent to a remote process. The En-terprise run-time system takes care of the spawning of processes, communication (sending,receiving, marshaling/demarshalling of data), synchronization, and program termination.

6 0 The application parallelism is specified graphically in Enterprise and is saved in a fileseparate from the sequential source code (the graph file). Enterprise uses a source-to-source translation tool (precompiler) to insert the correct code to do message communi-cation and synchronization. The translator has been modified to look for parallel I/O filedescriptors (as identified in the graph file) and replace them with calls to parallel I/O func-tions. The machine-generated source code is then conventionally compiled and linked for aparticular target architecture. The Enterprise run-time library uses the graph file and run-time computational behaviors to implement the parallel I/O operations. Since the I/O be-havior is interpreted at run-time, the user can change the I/O templates without having torecompile the program.For this example, Figure 5-4 shows the additions necessary to the Enterprise graph fileto specify the newspaper template for the Parent process. This change reflects the fixedsize input and output file segmentation used for comparison between the PIOUS and PI/OTimplementations. The PI/OT modifications to the Enterprise precompiler ensure that all oc-currences of these file pointers in Parent and Child will have the appropriate parallel I/Osemantics enforced.A newspaper (segmented file) requires a segment size. Figure 5-5 shows an exampleof a segmentation function appropriate for the input file pointer for this application. Ide-ally, this consideration should be transparent to the user but, unfortunately, it is difficult toautomatically choose a good segment size since the user knows best how the I/O is to beaccessed. For segmented files, PI/OT allows the user to provide a call-back function thatspecifies the segment offsets. In this example, the fine-grained nature of the file is clearlyillustrated. Each object contains a header that provides sufficient information for the user tocalculate the offset into the file for the next object. The total offset for the Child segment isreturned to the run-time system.Figure 5-6 shows an example of an I/O segmentation function for dynamic output rec-ords that relies on the newspaper semantics to append the unknown sized segments inthe output file. Using a report instead would result in the merger of the unknown filesegments, which is unacceptable since all the output data is needed, not just one record.#include <stdio.h>Parent( int argc, char **argv )/* Identify this as a parallel task */{FILE *fin, *fout ;/* Input and output file descriptors */fin = fopen( argv[1], �r� ) ;/* Open the input file */fout = fopen( argv[2], �w+� ) ;/* Open the output file */while ( ! feof( fin ) ) {/* Until end of file, work */Child( fin, 1, fout, 1 ) ;/* Data marshalling of pointers */}fclose( fin ) ;/* Close the input file */rewind( fout ) ;/* Rewind the output file to the beginning */Stats( fout ) ;/* Perform summary statistics on output */fclose( fout ) ;/* Close the output file */return 0;}Figure 5-3 � Modifications to sequential code for Enterprise.fin NEWSPAPER ro wo b Child=352108 fout rc wc b NEWSPAPER Child=18050.Figure 5-4 � Modifications necessary to the Enterprise graph file for fine-grained I/O.

6 1 One of the advantages of the PI/OT approach is the ease with which a different I/O par-allelism can be selected for the application. For example, the parallel template for fin canbe changed from newspaper to meeting and the program immediately re-run withoutrecompilation. As well, fin could be converted back to sequential I/O without any addi-tional effort by the user. This makes it easy for the user to experiment with different typesof I/O (and computational) parallelism. Note that in any other system, changing the I/Obehavior would usually necessitate many changes to the source code.5.1.4 PIOUS ImplementationThree classes of PIOUS implementations were built. All PIOUS applications must import afile into the PIOUS file system before the file can be accessed using the PIOUS library routines.Similarly, the output file must be exported back to the regular file system. Auser needs towrite these conversion routines.The first PIOUS implementation class used global file pointers. Because ordering of theinput and output file is not required for this application, the input and output files could be#define IC ( sizeof(int) + sizeof(char) )#define I sizeof(int)unsigned long InputSegSize ( FILE * fp, int min, int max, int current ){unsigned long offset ;/* Size of this segment */int CD, C, D, E, i ;i = fread( &CD, I, 1, fp ) ; /* How many CEDE records are there */if ( i != 1 ) /* End of file or file error return error */return (unsigned long)-1 ;offset = I ; /* The record includes the size of CD */for ( i = 0 ; i < CD ; i++ ) {/* Loop reading the CEDE records */fread( &C, I, 1, fp ) ;/* Elements in this C record */fseek( fp, C * IC, SEEK_CUR ) ;/* Skip over the C record */offset += I + C * IC ; /* The size of this C record */fread( &E, I, 1, fp ) ;/* Elements in this E record */fseek( fp, E * IC, SEEK_CUR ) ; /* Skip over the E record */offset += I + E * IC ; /* The size of this E record */fread( &D, I, 1, fp ) ;/* Elements in this D record */fseek( fp, D * IC, SEEK_CUR ) ; /* Skip over the D record */offset += I + D * IC ; /* The size of this D record */fread( &E, I, 1, fp ) ;/* Elements in this E record */fseek( fp, E * IC, SEEK_CUR ) ; /* Skip over the E record */offset += I + E * IC ; /* The size of this E record */}/* End of loop reading in the CEDE records */fread( &E, I, 1, fp ) ;/* Elements in this E record */offset += I + E * IC ; /* The size of trailing E record */return offset ;/* Return the extent for this segment */}#undef IC#undef IFigure 5-5 � An example I/O segmentation function for fine-grained I/O test program.unsigned long OutputSegSize( FILE * fp, int min, int max, int current ){return (unsigned long)0 ;}Figure 5-6 � An example of an I/O segmentation function for dynamic output records.

6 2 treated as globally shared resources. Globally shared files effectively have one global filedescriptor, for which all processes have to synchronize their access. (This is similar to themeeting or log templates.) The program retrieved an entire data segment as one singleblock I/O operation and cached the block on local disk storage (default is /tmp). The lo-cally cached data was processed using the conventional stream I/O with the output againgoing to local disk storage. The Child source code was not modified. After each Childfunction finished processing, the results were added to the PIOUS output file as another sin-gle block I/O operation. When the end of the input file was reached, each Child processnotified the Parent. When all the children had reported in, the Parent continued on to thesequential part of the computation.This approach proved to be the easiest to implement since most of the explicit parallel-ism was hidden by the global shared file synchronization. It allowed minimal impact on theexisting user�s code by using the standard I/O operations to read the local file and then cre-ate the output data segment.Asecond implementation class involved importing the input file into PIOUS as a list ofsegments and creating a corresponding list of empty output file segments. (This is similarto the newspaper or report templates.) The user had to write additional code to distrib-ute the input segments as they were requested by idle Child processes. Initially, the Par-ent process allocated one segment to each Child, but as a Child completed its work, theParent was responsible for allocating it a new segment.Each Child process opened the appropriate input and output file segments, copied thelocal segment of work to a temporary file in one I/O operation, opened the temporary out-put file, performed the work, and then exported the local output file back to the paralleloutput file (again in one operation). This repeated until all segments were distributed. TheParent process was then informed and the Child process exited after cleaning up the tem-porary files. The advantage of this method is that the output is in the same order as the se-quential version. Again, the Child code was not touched.The final implementation class was to write a pure PIOUS application using the PIOUSsegmented file capabilities. However, instead of importing or exporting a block of work tolocal storage, all parallel I/O operations were identified and replaced with the appropriatePIOUS function calls. This was the most intrusive solution as significant portions of theChild code needed modifications.Each of the three classes required a significant amount of new code. This would alsobe true when using any other low-level parallel I/O library. The first implementation classwhich cached data blocks locally using the global file pointers is given in Appendix B.1.(Note that much of the implementation has been abstracted into subroutines that, for brev-ity, are not included.) The original sequential version is about 530 lines of code; the paral-lel version is approximately 350 lines longer. Any changes in the I/O functionality of theprogram must be reflected in the source code. For example, if the user wants to do theequivalent of changing from a newspaper to a meeting, a considerable number ofchanges have to be made to the source code, with the resulting overhead of testing and de-bugging the changes.Within the first two implementation classes, three versions were developed. The firstversion used the standard stream I/O functions without any changes. The second versionmodified the standard I/O stream to use large buffers (using the setbuf function). Thethird version replaced the standard I/O stream functions with low-level I/O functions (readand write instead of fread or fwrite). The third implementation class had only one ver-sion � all PIOUS calls.

6 3 5.1.5 Fine-grained I/O PerformanceThe testing configuration consisted of one Sun Sparc 4 (SS4), two Sun Classics, fourSun ELCs, and four Sun SLCs processors connected by a 10Mbps Ethernet. All proces-sors had a local disk used for temporary files and swap. In addition, one Classic and theSS4 provided NFS file systems to the other processors. Unless otherwise stated, therewas only one compute process per processor and all processes were assigned to the fastestavailable processor. The processing power of these different processors relative to theslowest processor type (SLC) is as follows: the SS4 is 3.0 times faster, the Classic is 2.4times faster, and the ELC is about 1.7 times faster when running the same application.This is an approximation based on the performance of the applications presented in thischapter.Three sequential versions were created. The first used standard I/O functions. Thesecond version used low-level I/O functions to see if there is any performance improve-ment. The third version increased the stdio system buffer space (using setbuf) to see ifthere is any performance gain. The sequential user times when running on the fastest proc-essor (SS4) using the local disk are given as: 1914 (standard), 1932 (low-level), and 1916(buffered) seconds. The poorer performance of the low-level I/O can be attributed to thefine granularity of the read and write operations. Similarly, the performance of the buff-ered I/O is not significantly different from the standard I/O because of the fine granularityof the I/O operations.Atotal of seven PIOUS versions were developed as described in Section˚5.1.4. Theyare presented along with the segmented I/O (newspaper) Enterprise version. In mostcases, little or no added benefit was seen for the extra programming effort.The first PIOUS class uses global file semantics with local file caching of file segments(Global Stream PIOUS, or GSP for short). That is, a large PIOUS I/O operation is done and theresulting block is cached on a local disk. The user’s code reads from this local file whilewriting to another local file. After the work is finished for this segment, the local outputfile is read in and written to the PIOUS file in one operation. The second class uses a similarapproach to the first class except that the files are segmented by PIOUS rather than by theuser (Stream Segmented PIOUS, SSP). However, the user is responsible for distributing ac-cess permissions to the remote processes for each segment. In the third class, all the I/O isdone in a segmented file system using PIOUS function calls, without any caching (PureSegmented PIOUS, PSP). From the programming perspective, this version required the mostnumber of code changes.Table 5-1 contains the results for the fine-grained I/O tests. For both systems, the timefor starting PVM and for spawning the remote processes is ignored. The cost of the PIOUSimport operation (30-60 seconds depending on the segmentation factor) is ignored as thiscould be considered a one-time cost if the input file was generated in situ. Similarly, thecosts of creating and exporting the output file back to the network file system are ignored(5-10 seconds). PIOUSChildProcessesPI/OTGlobal Stream(GSP)Stream Segmented(SSP)PureSegmentedBufferStreamLowBufferStreamLow(PSP)2148413151322127612941409128419175813703699705737704705104010513509505510519509511799Table 5-1 �Elapsed times in seconds for PI/OT and PIOUS (PSP, SSP and GSP). PIOUS importand export times are not included. Sequential user times in seconds were:1916 (buffered), 1914 (standard stream), and 1932 (low-level).

6 4 The parallel times presented are the best elapsed times of at least five runs. The proces-sors and network used for this set of experiments were unavailable for exclusive use. Theruns were collected over several weeks during times of quiescence but significant variancewas seen. Automatic system functions such as backup operations appeared to cause sig-nificant interference. Enterprise has one version that gives acceptable parallel I/O performance: both the inputand output files are segmented using the newspaper template. Another version uses thenewspaper template for the input and the log template for the output. This did not givegood performance because the output file was locked until all the write operations for agiven Child process were finished. As the write operations pervade the entire Child com-putation block, the other Child processes were quickly blocked waiting for access. Thetimes for this inferior version are not shown.The results show the effect of using two separate file systems for the physical storageof the global data files. (Recall that temporary files are stored on the local disk attached toeach processor.) PIOUS is able to use two (or more) physical file systems to improve per-formance and concurrency. In the case of Enterprise, the input file was on one file systemand the output file was on the other file system. PIOUS always distributed files between thetwo file systems. Wherever possible, the effect of the network was minimized. The num-ber of processors used was one more than the number of children to account for the Par-ent process. No processor ran more than one process (Child or Parent).The GSP version using global file pointers shows little difference from the SSP version.The PSP implementation uses PIOUS to perform a significant number of fine-grained I/O op-erations. This is very expensive as each I/O operation is converted to a message. This ap-proach does show a performance gain over the sequential version but the gain is not asmuch as in the other implementations.The PI/OT performance, although faster than the sequential version, was ten to sixteenpercent inferior to the GSP and SSP versions. Even though it used a similar design in its im-plementation, the cost of using templates to abstract the parallel I/O diminished only with alarger replication of the workers. Alikely reason for equality between the two systems isthat the capacity of the network imposes an overall limiting factor. Ten processes askingfor separate data blocks create a theoretical demand of three megabytes on a ten megabitnetwork. As well, the file servers must get the data block on and off the physical disk foreach requesting process.Another factor for the poorer Enterprise implementation is that it checks every I/O op-eration if the file pointer has parallel behaviour. If there are many I/O operations, this costbecomes more significant. Clearly, for this example, there is a performance cost to usingtemplates. Still, the Enterprise application shows improved performance compared withthe sequential time. Future work on optimization using prefetching and compiler codeanalysis to order I/O operations should improve the template performance.The benefits of templates are seen in the amount of modification to the user�s code andthe ease of changing parallel behaviours. Each PIOUS version took several hours to modifyand debug. For the Enterprise version, the changes to the sequential code, as specified inSection˚5.1.3, were done and the application was generated. This took about twenty min-utes from starting with the sequential code until the first test run. The application was firsttested using a meeting template for fin and a log template for fout. Performance runswere generated in newspaper mode simply by changing the parallel behaviour type forboth file descriptors and making no changes to the code! No recompilation was necessaryas the segmentation function was a constant size. Any performance penalty for using tem-plates should be weighed against the potential benefits of quickly getting the parallel appli-cation up and running.

6 5 It is interesting that by using the global synchronization offered by PIOUS with thecaching of input and output segments to allow stream I/O operations, this applicationshows the best performance. However, would this be the case if the application only doescoarse-grained I/O?5.2 Coarse-grained I/ODisk-based matrix multiplication was chosen as the coarse-grained I/O application.This application is simple to code and can be done using coarse-grained I/O operations.The A and C matrices were segmented into user-specified stripes with the B matrix inde-pendently read by each processor. The B matrix was transposed on disk to improve dataprocessing.The sequential program (the source code for main is found in Figure 5-7) takes ascommand line arguments (argv) the names of the three files, the number of elements perrow of the matrices and the number of rows per computational block. For simplicity, allthree matrices are assumed to have the same rank. The main function opens the three filesand until the end-of-file marker is encountered in the A file, it calls Child in a loop. Thefile pointer for the B matrix file is rewound after every call to Child. After the loop exits,main closes all three files.The function, Child (the source code is found in Figure 5-8), reads in the user-specified block of the A matrix as one read operation. The B matrix must be read in its en-tirety and is done so in a loop using stripes similar in size to those used to read the A ma-trix. The same sized stripes were used for programming simplicity. Each A and B stripeis multiplied together and stored in the appropriate location in the C matrix stripe. After theB matrix file is exhausted, the completed C matrix stripe is written to disk in one operation.Abenefit of using large I/O blocks sequentially is seen if non-blocking I/O is used tooverlap I/O and computations; however, the code complexity increases. In this case, thereis little benefit to using asynchronous I/O as the I/O buffer is needed immediately after theI/O call (the B matrix) and the size of the B matrix precludes it from being cached in mem-#include <stdio.h>main( int argc, char **argv ){int NumberElements ;/* Number of elements per row */int BlockSize ;/* Number of rows per block */FILE *fA, *fb *fC ;/* Input and output file descriptors */fA = fopen( argv[1], �r� ) ;/* Open the A matrix file */fB = fopen( argv[2], �r� ) ;/* Open the B matrix file */fC = fopen( argv[3], �w+� ) ;/* Open the C matrix file *//* These two variables are used to partition the matrix into stripes */NumberElements = atoi( argv[4] ) ;/* Convert from string to integer */BlockSize = atoi( argv[5] ) ;while ( ! feof( fA ) ) {/* Until end of file, work */Child( fA, fB, fC, NumberElements, BlockSize ) ;rewind( fB ) ;/* Rewind to the start of the B matrix file */}fclose( fA ) ;/* Close the A matrix file */fclose( fB ) ;/* Close the B matrix file */fclose( fC ) ;/* Close the C matrix file */return 0 ;}Figure 5-7 � Sequential source code for matrix multiply main (Parent.c).

6 6 ory at the processor. If double buffering is used, the overall in-memory capacity of the ap-plication is reduced by one quarter assuming that only the B matrix stripe is doubled up.5.2.1 Parallel Design ConsiderationsThe same computational parallelism used by the fine-grained I/O application in Chap-ter˚1.1 and Section˚5.1 was used. One of the differences is that this application has threeparallel file pointers (the A , B, and C matrix data files) each with different behaviours.The A file pointer is treated as a segmented input file with each child process getting onesegment or stripe of the matrix to read. The C file pointer is also segmented so each childprocess can write the corresponding answer stripe. The user or system must coordinateand preserve the relationship between A and C segments as an out-of-order C matrix isincorrect. The B file pointer is independent but is distributed to the child processes.The other difference in this coarse-grained application is that I/O operations are few andcan be quite large. In fact, with large numbers of processors and/or large matrices, thenetwork will become the bottleneck depending on the physical disk layout in relation to theprocessors. This application will stress the network and file systems.Observing the stress generated by this application is important if networks of general-purpose workstations are used instead of specialized hardware platforms or dedicated net-work farms. If parallel I/O is to be made easy-to-use by the �general� programming popu-lation, resource allocation and sharing become important � especially to system adminis-trators.void Child( FILE *fa, FILE *fb, FILE *fc, int nelems, int nblocks ){double *A, *B, *C ;/* The A, B, and C matrices */int k, n, j, status ;/* Allocate memory for each block of A, B, and C */A = (double *)malloc( nblocks * sizeof( double ) * nelems ) ;B = (double *)malloc( nblocks * sizeof( double ) * nelems ) ;C = (double *)malloc( nblocks * sizeof( double ) * nelems ) ;/* Read in the block of A for this call to Child */status = fread( A, sizeof( double ), nelems * nblocks, fa ) ;if ( status < nelems * nblocks ) {/* End of file */return ;} else {/* Do some work with the data */k = 0 ;while ( 1 ) {/* Loop forever *//* Read in, one block at a time, all of B until the read fails */status = fread( B, sizeof( double ), nelems * nblocks, fb ) ;if ( status < nelems * nblocks ) break ;/* All done here */for ( n = 0; n < nblocks ; n++ ) /* Do the striped matrix multiply */for ( j = 0 ; j < nblocks; j++ )C[ n*nelems+k+j ] = DotProduct( &A[i*nelems], &B[j*nelems], nelems ) ;k += nblocks ;}/* End of while loop *//* Write out the completed block of C */fwrite( C, sizeof( double ), nelems * nblocks, fc ) ;}/* End if not end-of-file encountered */free( A ) ;/* Free allocated memory */free( B ) ;free( C ) ;return ;}Figure 5-8 � Sequential source code for matrix multiply Child (Child.c).

6 7 5.2.2 Enterprise ImplementationFigure 5-9 shows the small number of modifications to the source code needed by theEnterprise version. The main function is renamed to Parent, extra parameters are added toinvoke Child, and the rewind statement is removed. The rewind statement is not neces-sary in the parallel case as this function does not move the file pointer. The two file point-ers fA and fC are segmented and need to have a segmentation function written for them.Note, in this case, one segmentation function can be used for both file pointers. The otherfile pointer, fB, is needed by all the Child processes but is considered independent as itdoes not require any synchronization.The important modification to notice is the movement of the declaration of the two vari-ables NumberElements and BlockingFactor from within the scope of Parent to beingglobal only within the scope of the file (the static declaration). This permits the segmen-tation function to be declared in the file containing the Parent source code to permit dy-namic segmentation of the data stripes. Of course, these two variables could have been de-clared global without the static limitation (a �free� global). Then, a separate file containingthe segmentation function could have been used. However, creating a free global is notalways possible or desirable in legacy code. As both stripes are equivalent in size and arethe only file pointers to be segmented, the segmentation function simply returns the numberof bytes composing one stripe.To identify the three parallel file pointers in Parent to the Enterprise implementation, anumber of changes are made to the graph file. A single line is added. While three lines areused for clarity in Figure 5-10, the graph file entry consists of only one line. The entry in-dicates that two of the file pointers (fA and fC) are to use the newspaper parallel behav-iour (segmented) and the file segment size for both file pointers is determined by using the#include <stdio.h>static int NumberElements ;/* Number of elements per row */static int BlockSize ;/* Number of rows per block */Parent( int argc, char **argv )/* Identify the parallel task */{FILE *fA, *fB *fC ;/* Input and output file descriptors */fA = fopen( argv[1], �r� ) ;/* Open the A matrix file */fB = fopen( argv[2], �r� ) ;/* Open the B matrix file */fC = fopen( argv[3], �w+� ) ;/* Open the C matrix file *//* These two variables are used to partition the matrix into stripes */NumberElements = atoi( argv[4] ) ;/* Convert from string to integer */BlockSize = atoi( argv[5] ) ;while ( ! feof( fA ) ) {/* Until end of file, work */Child( fA, 1, fB, 1, fC, 1, NumberElements, BlockingFactor ) ;/* rewind( fB ) ; *//*This is not necessary in parallel */}fclose( fA ) ;/* Close the A matrix file */fclose( fB ) ;/* Close the B matrix file */fclose( fC ) ;/* Close the C matrix file */return 0 ;}unsigned long AllMyIO( FILE *fp, int min, int max, int current){/* In all cases, return the same segment size */return (unsigned long)( NumberOfElements * BlockSize * sizeof(double) ) ;}Figure 5-9 � Enterprise code modifications to parallelize disk matrix multiplication.

6 8 segmentation function, AllMyIO. The file pointer, fB, is considered to be independent(photocopy).5.2.3 PIOUS ImplementationThe PIOUS version (the code is found in Appendix B.2) took about 375 extra lines ofcode to implement both the computational and I/O parallelism. The framework of the codeis similar to the code needed for the fine-grained parallelism because the computational par-allel behaviour is the same. The changes occur in the way the parallel I/O is handled. Thisimplementation was quite intrusive and required modifications to the Child source code.The reading of an A stripe and the writing of a C stripe are single I/O operations in theChild function. Converting them directly to PIOUS read and write functions saves thewrapper code from reading a stripe, caching it to local disk and then having Child re-readthe local file. This is different from the fine-grained example where caching was beneficial.As well, the independent B matrix file is too large to cache locally. So, as PIOUS codewould have to be inserted to read the B matrix anyway, replacing the UNIX read functionfor an A stripe and exchanging the UNIX write function of a C stripe operation for theequivalent PIOUS code is a minor addition.An additional responsibility for the Parent is that now it must handle the coordinationbetween the input and output file segments. The Parent process now manages the order inwhich segments are dispatched to the idle Child processes rather than letting the file sys-tem determine the order. Each Child works on one input and one output stripe. When nomore stripes are available for processing, the Child process receives the no-more-workmessage (segment=—1) and then gracefully exits.This application did not lend itself to any variations in the I/O parallelization strategies,as shown in the fine-grained example. Caching was not available and using global filepointers required synchronization between the input and output files. To do so results in aloss of computational concurrency.In summary, this application was intrusive in respect to code modification for the par-allel I/O in the user�s source code. The user is responsible for coordinating access betweencorresponding segments as well as the import and export of file. However, the codeframework for computational parallelism remained, for the most part, the same as the fine-grained example.5.2.4 Coarse-grained I/O PerformanceThe testing configuration was the same as that of the fine-grained example in Sec-tion˚5.1. The configuration consisted of one Sparc 4 (SS4), two Sun Classics, four SunELCs, and four Sun SLCs processors connected by a 10Mbps Ethernet. All processorshad a local disk used for temporary files and swap. One Classic and the SS4 providedNFS file systems to the other processors. The processing power of these different proces-sors is relative to the slowest processor type (SLC); the SS4 is 3.0 times faster, the Classicis 2.4 times faster, and the ELC is about 1.7 times faster when running the same applica-tion. This is an estimate based on several applications.The parallel times presented are the best elapsed times of at least five runs. The proces-sors and network used for this set of experiments were unavailable for exclusive use. Theruns were collected over several weeks during times of quiescence but significant variancefA NEWSPAPER rc wo b Child=AllMyIOfB PHOTOCOPY rc wc bfC NEWSPAPER ro wo b Child=AllMyIOFigure 5-10 � Modifications to the Enterprise graph file for coarse grained I/O example.

6 9 was seen. The automatic system functions, such as backup operations, caused significantinterference. Three sequential versions were created. The first one used the standard stream I/O.The second version used a buffered stream I/O. This buffering is done by using the set-buf function to direct the stdio system to create a single buffer that is large enough for theone data stripe. The third version used the low-level I/O functions instead of the streamI/O.All three sequential versions had similar performance and were all within approximatelysix percent of each other. These experiments were run using the fastest processor and alocal disk. The size of the I/O blocks was the same as in the parallel version. Not surpris-ingly, the buffered I/O (2214 user seconds and 125 system seconds) outperformed theother two versions. The low-level I/O version (2308 user seconds and 127 system sec-onds) was slightly better than the standard stream I/O (2352 user seconds and 142 systemseconds). The high system time values for the standard stream I/O are the cost of the de-fault buffer being two small which caused the system to thrash when transferring largeblocks. To get the best performance, the program should either use no buffering or havesufficient buffer space to balance the cost of using it.Table 5-2 shows the results for Enterprise and a purely PIOUS implementation multiply-ing two matrices of doubles (reals) stored in binary format and using a striping factor of50 rows. Again, startup and the cost of importing and exporting the files into and out ofPIOUS (180 seconds) is not included in the test results. Preliminary experiments with the2000 by 2000 matrix showed that using a striping factor of 50 rows gave better perform-ance than using 100 or 25 rows per stripe. The better performance is due to the ratio ofwork to message size and the different CPU speeds for the given network configuration.The Enterprise results are better than those of PIOUS when using fewer child processes.This was unexpected but one explanation is offered. PIOUS uses direct process-to-processTCP/IP message-passing for parallel I/O, by-passing the PVM daemons. On the other hand,Enterprise uses both the network file system (on-demand messages) and default routingthrough the PVM daemons to communicate messages and file information. The performancedifferences can be attributed to the cost of using the TCP/IP instead of the UDP networkprotocols to transport data across the network. These differences are magnified by theamount of data being accessed (1,344 Mbytes). When the Child process is replicated tentimes, PIOUS and PI/OT give comparable results. This is likely due to the network becomingsaturated (measurements showed the network to be between 81% and 87% of maximumutilization).These results point out that neither of these two parallel I/O systems can be consideredas the best overall solution. Just because Enterprise uses the network file system, which inturn uses a different protocol for transmitting data, Enterprise performs better for this par-ticular example. In contrast, the previous example shows that PIOUS performs somewhatbetter than Enterprise. The observed performance has little to do with the actual imple-mentation of the I/O templates in Enterprise, but depends rather on the implementation ofChild50 rows per stripeProcessesPI/OTPIOUS2222526845147316621015981580Table 5-2 �Disk-based matrix multiply elapsed times in seconds for 2000 by 2000 matrixof doubles (reals) using PI/OT and PIOUS (input and export times not in-cluded). Sequential user times are 2214 seconds for buffered stream I/O,2352 seconds for stream I/O and 2308 seconds for low-level I/O.

7 0 the network file system. Nevertheless, templates once again yield comparable perform-ance.Ultimately, it is the network availability and capacity that determine the effect of I/O onthe overall performance of a parallel application. By using different access patterns for theI/O, the requirements made upon the network and the file servers change the performanceof the application. The ability to experiment with different parallel behaviours gives moreflexibility in tuning an application to a specific network, processor, and data set. Templatesoffer this flexibility at little cost.5.3 Useability and ComposabilityThe two previous sections presented the performance advantages of the PI/OT program-ming model for a pair of applications that use the same simple computational model buthave different I/O characteristics. The possible choices for parallel I/O were limited by per-formance considerations. This section examines the claims of the flexibility and softwareengineering advantages of PI/OT (Chapters˚3) when more complex computational applica-tions are developed. Apair of applications is presented. The first application parallelizesthe I/O shared by a process and its heterogeneous children. (The heterogeneity is not foundin processor differences but rather in the process differences.) The second application par-allelises the I/O in a pipeline computation.Aheterogeneous child application occurs when one process type calls two or moreprocesses types (Figure 5-11a). For example, a process of type A calls both B and Cprocess types. There are an arbitrary number of the A, B, and C processes.ProcessTypeABC

(a)(b)Figure 5-11 �Heterogeneous children and extended pipeline parallel computation con-figurations.A pipeline application is used to demonstrate the composability of the I/O templates. Inthis case, A calls B which, in turn, calls C (Figure 5-11b). As each stage of the pipeline isencountered, different I/O abstractions can be imposed on the shared file pointer. Subjectto constraints from earlier I/O decisions, more complex I/O descriptions are constructed andtested. As the computational parallelism is modified, the parallel I/O component adapts tothe changes without intervention by the user.For both of the applications presented in this section, the advantages of early release ofI/O streams are examined. While this decision where to insert the early release is currentlydone by hand, future work with the source-to-source code translator would insert this re-lease mechanism after analyzing the user�s code.5.3.1 Heterogeneous ChildrenIf file pointers are shared between all processes, an I/O transaction is created and storedin the call-chain of the parent process as each remote process call is made. Parallel I/Omay or may not require synchronization but coordination between processes is needed toaccess the file properly. If a global file pointer is shared, whichever process is active musthave acquired a current and up-to-date version of the file pointer. With a segmented I/O filepointer, each process has clearly defined limits guaranteeing it exclusive access. Since theorder of access to a file is not determined until run-time, the parallel I/O behaviour interactswith the parallel computational behaviour to coordinate access.

7 1 Depending on the I/O ordering attributes, synchronization of file access may be needed.In this case, the parallel I/O system is given a file access ordering and must block processeswhere necessary to preserve the ordering. Synchronization of file access forces a givenprocess to wait until its predetermined (from the call-chain ordering) turn with the file. Ingeneral, this may reduce the level of concurrency available to the user�s computations.With the heterogeneous child parallel computational behaviour, an A process distributeswork to the B and C processes. Figure 5-12 shows the source code for one such applica-tion. Parent corresponds to A, Brother corresponds to B, and Sister corresponds to Cin Figure 5-11. The code is in the format suitable for an Enterprise asset code. The Par-ent process will open the input and output files. A step size, n, is supplied as a commandline parameter by the user to segment the input file. The Parent process calls the remotelyexecuted Brother function n times followed by a similar number of calls to the remotelyexecuted Sister function. This pattern repeats until the input file is exhausted. The pa-rameters to Brother and Sister are similar: a number representing the record tag beingworked on, followed by two file pointers for the input and output files.The Enterprise description of the computational parallelism is that Parent is a depart-ment asset containing two individual assets, Brother and Sister. Appendix Acontainsmore details about the Enterprise nomenclature and programming model.The program flow in the Parent source code reflects the structure of the input filewhich consists of n pieces of work for Brother processes followed by n pieces of workfor the Sister processes. Using a B or an S to represent blocks of data on disk for aBrother or a Sister process respectively, input patterns such as B S B S B S B S ,BBSSBBSS, BBBBSSSS, and so on, could be created. Depending on the input pat-tern and the computational load for each piece of work, different ordering attributes willprovide different output patterns and different levels of concurrency. Depending on theuser�s requirements, the output ordering may be more important than maximizing the con-currency.include <stdio.h> int Brother ( int N, FILE *bin, int nin,Parent( int argc, char ** argv )FILE *bout, int nout ){{FILE *fin, *fout ;int input, i, j;int i, j, step ;if ( feof( bin ) ) return 1 ;fin = fopen( argv[1], "r" ) ;i = fscanf( bin, �%d�, &input ) ;fout = fopen( argv[2], "w+" ) ; if ( i != 1 ) return 1 ;n = atoi( argv[3] ) ;/* Early release of bin inserted here */i = 0 ;Compute ( input ) ;while ( ! feof( fin ) ) {PrintBRecord( bout, N, input ) ;for ( j = 0 ; j < n ; j++ ) {return 0 ;Brother( i+j, fin, 1, fout, 1 ) ;}}int Sister ( int N, FILE *sin, int nin,for ( j = 0 ; j < n ; j++ ) {FILE *sout, int nout )Sister( i+j, fin, 1, fout, 1 ) ;{}int input, i, j;i += n ;if ( feof( sin ) ) return 1 ;}i = fscanf( sin, �%d�, &input ) ;fclose ( fin ) ;if ( i != 1 ) return 1 ;fclose ( fout ) ;/* Early release of sin inserted here */return ;Compute( input ) ;}PrintSRecord( sout, N, input ) ;return 0 ;}Figure 5-12 � Source code for the heterogeneous children example.

7 2 Equally relevant to improving the level of concurrency is the number of processesavailable to execute Brother or Sister as remote functions. Increasing the replicationfactor for either remote function should improve the computational concurrency. The num-ber of consecutive B and S blocks make up the distribution pattern in the disk file. Figure5-13 shows four possible connection patterns that could satisfy the parallel computationalrequirements.The selection of a parallel I/O behaviour and ordering attribute is important since somechoices can affect the computational concurrency by creating barriers in the code. Note theimplied barrier in the Parent code (Figure 5-12) where the input file is tested if it is ex-hausted (feof(fin)). Imposing global file semantics on the input file pointer creates sucha barrier whereas using segmented file semantics does not. Specifying ordered read attrib-utes for the input file pointer imposes additional constraints on the potential concurrencysince the application must proceed in the order of invocation rather than in the order ofavailability.In Figure 5-13a, there is only one of each process type. The I/O requirements could beachieved by global semantics for the input and output. Unfortunately, using this approachis going to limit concurrency between the two child processes as each one will be waitingfor the other to finish before returning both file pointers. However, inserting a function torelease the input file pointer early allows the other process to read in the data and start com-puting. The code for both the functions Brother and Sister in Figure 5-12 has beencommented to indicate the location in the code where an early release function for the inputfile pointers (bin and sin) could be safely inserted. If the input data is in the formBSBSBS, this will improve the overall concurrency. With only one of each process typeavailable, other data patterns (for example, BBSS or BBBSSS) will not see much of animprovement except at the boundary conditions of the different data types.The output file pointers do not benefit by an early release, as both functions return tothe Parent immediately after calling the I/O function. Improved concurrency for the outputfile could be achieved if the order of output can be relaxed. Relaxing the ordering of theoutput file will see an improvement if the file pointer is locked until later on in the computa-tions. If the computations have irregular granularities, the first process finished should beable to acquire the file lock. However, the current deadlock prevention mechanism com-mits both the input and output file pointers at the same time.Segmenting the input or output file does not at first seem to be an appropriate step.However, the elimination of the barrier when checking for end-of-file in Parent allowsseveral clusters of work to be generated. Using global semantics imposed a barrier withthe Parent waiting until a single cluster of work is done before generating the next cluster.As well, prefetching of input data can improve the performance. Local caching of the datasegment lessens the network demand for I/O. As seen earlier in Section˚5.1, a large net-work I/O request followed by many small locally cached I/O requests is more efficient thanmany small network I/O requests. Early release of the input file will not affect concurrencymuch since both processes will be given distinct file segments and will consequently pro-ceed independent of each other. However, early release could spread the network require-ments for the update of written segments instead of having all updates occur at the end ofthe transaction.ProcessTypeParentSisterBrother

(a)(d)(c)(b)

7 3 For the example application, segmented semantics on the output file pointer lead to theproblem that the size needed for each output segment is indeterminable prior to the childprocesses starting their computations. One approach is to have the file segment set to somearbitrary maximum. This maximum size is dependent on the amount of temporary diskspace available. Using some default value potentially leaves the output file with a series ofholes. Alternatively, by using the unknown file segmentation, the file fragment could bemerged back according to some predefined ordering attribute.In Figure 5-13b, both the child processes (Brother and Sister) are replicated. Usingglobal file pointers does not permit the extra processes to act in a concurrent fashion. Inthis case, early release of the input file will improve concurrency for data files with theformat of BBSSBBSS or BBBSSS. Relaxing the ordering of the output file can now bedone, either by clustering similar types of output data blocks in an as-received order insteadof in an as-generated order, or by allowing chaotic ordering of the output by any processready to write to the file. Using segmented I/O, the input file is divided up and each filefragment is prefetched as each computational process is assigned a given block of work.Figure 5-13c and Figure 5-13d are mirror images of each other. All of the work can bedone by one process type in a given time period, while replication of the other process typeis needed to finish its work in the same time period. In these cases, using segmented filesemantics for input is appropriate since all the replicated processes can start working.Eventually all the single process work is finished and the application will wait for the repli-cated processes to finish. Using global file semantics for the input with early release is ap-propriate for the replicated processes but it is not always appropriate for a single processtype, except at the data borders. If the replicated processes access the file first, leaving thesingle process sufficient time to consume all of its work, this approach may work.As seen, there are a number of choices the user has to make each time an application isrun. If the data files are sufficiently varied, different versions of the application will beneeded to efficiently process all the data sets. Specifying the parallelism separately allowsthe user to adapt the application to the data rather than having multiple applications.5.3.2 Heterogeneous Children PerformanceAn example application using this computational model based on the code in Figure 5-12 was constructed. The two child process types, Brother and Sister, were run usingthree levels of computational granularity - fine, medium, and coarse. Both process typeshad the same computational granularity. The machines used in this experiment are all Sun4ELC�s with 12 megabytes of memory and a local disk for swap and temporary files. Thesemachines are connected by a 10Mbps Ethernet network. All parallel runs reported are theaverage of five runs. The input data file consisted of 16 pieces of work laid out in the for-mat BBBBSSSSBBBBSSSS. Sequentially, the application took 29, 79, and 232 userseconds to process the input file for each granularity level respectively. Thus, the averagegranularity for each block of work is approximately two (fine), five (medium), or fifteen(coarse) seconds of CPU time. This application is not I/O bound but the I/O does requiresynchronization.Table 5-3 shows the results of a pair of experiments. The Brother and Sister proc-esses were each replicated either two or four times, resulting in a total of five or nine proc-esses for the computations (see Figure 5-13b). There were sufficient processors to ensurethat there was only one computational process per processor. The shaded headings in thetable indicate the type of template used for the input and output files. The application wascompiled only once. All the parallel combinations were done by modifying the Enterprisegraph file.Within the range of values shown between different ordering attributes, there is littledifference. The lack of difference can be attributed to the current deadlock preventionmechanism (Chapter˚4.5) that limits concurrency. This mechanism uses the most conser-

7 4 vative ordering attribute of all the file pointers involved in the transaction. Consequently,when the input global file pointer is granted access permission, the output global filepointer is either granted permission or is promised access permission in an orderly fashionthat avoids the potential deadlock. Both file pointers are released at the end of the entiretransaction, not when the last I/O operation is completed. As a result, concurrency is un-necessarily limited.A smarter compiler should be able to detect this independence and insert an early releasefor the file pointer. Now that the early release divides the transaction into two independentsubtransactions, deadlock prevention is not needed. As well, asking for control of the firstfile pointer would not assign the second file pointer at the same time. This would lead togreater variety in the performance results and in the contents of the output file.Part of this experiment examines the effect of an early release of a global file pointer.Early release is defined as safely releasing the file pointer when it is not needed any more inthe calculations. The normal situation has all the file pointers released when the remotefunction completes its calculations. That is, release is done when the function returns.Using early release shows an overall improvement since concurrent computations are pos-File PointersFine granularityMedium granularityCoarse granularityInputOutputNormalEarlyNormalEarlyNormalEarlySequential2979232Brother and Sister each replicated two timesMeetingMeetingChaoticChaotic502710249265130RelaxedRelaxed513210458266141OrderedOrdered513210458266140MeetingNewspaperChaoticChaotic43199543257118RelaxedRelaxed43189442257118OrderedOrdered44189543258118NewspaperNewspaperChaoticChaotic1842118RelaxedRelaxed1843118OrderedOrdered1843119Brother and Sister each replicated four timesMeetingMeetingChaoticChaotic50241023326379RelaxedRelaxed50261033726484OrderedOrdered50261023826384MeetingNewspaperChaoticChaotic4311952225660RelaxedRelaxed439952225659OrderedOrdered4410952225660NewspaperNewspaperChaoticChaotic92259RelaxedRelaxed102260OrderedOrdered102260Table 5-3 �Elapsed time (seconds) for three different parallel I/O template combinations,three granularity levels of computation, and two replication factors for hetero-geneous children example.

7 5 sible instead of waiting for the entire transaction to finish. However, the output file pointeris still committed at the same time as the input file pointer. The larger increase in perform-ance using the chaotic ordering with early release is attributed to the removal of the restric-tion that all the Brother processes must finish before the Sister processes can proceed.Clearly, early release is beneficial to this application. However, the deadlock preventionmechanism hides any performance differences with the ordering attributes.As the order of asking for the global file pointers does not change in this applicationand all global file pointers are guaranteed to be asked for, deadlock cannot happen. Futureresearch in compiler support is necessary to analyse the user�s code to determine if dead-lock prevention is required at all. This static analysis could then advise the run-time systemwhether or not to invoke the deadlock prevention algorithm. The consequence of the cur-rent conservative and general approach to deadlock prevention is the observed reduction inconcurrency and the uniformity of performance.For this application, early release does not directly affect a segmented input file pointeras permission is already granted to access the file fragment and the file is not modified bythe remote processes. However, if the file fragment had been modified, the reintegration ofthe remote segments into the master file could be affected depending on the defined writeordering attribute. Early release has the potential to even out the demand on the network byspreading out I/O messages instead of clustering them at the end of the computations of theremote function.Segmented I/O for both input and output streams gives the best performance. Themixed case of global input and segmented output shows comparable performance to thesegmented I/O only when the early release is used. Considering the ratio of the time spentreading in the data and the time spent computing, the early release result is not unexpected.5.3.3 Extended Pipeline ExampleThe composability of the PI/OT templates is explored through a pipeline computation.The number of combinations available using a multi-stage pipeline grows rapidly. Con-sider that for each parallel file pointer there are the choices of five templates, three orderingattributes for read operations, and three ordering attributes for write operations. Currently,that gives the user forty-five (45) different combinations per file pointer. At each stage ofthe pipeline, except for the last one, all the parallel file pointers can be redefined. Obvi-ously, not all these choices will make sense but the number of appropriate choices is stillquite large. This exponential growth provides a rich set of choices for the user.To clarify this growth, consider a two-stage pipeline that shares two parallel file point-ers. The number of possible combinations for different I/O is 45 · 45 = 2,025. Adding anextra stage to the pipeline and sharing the file pointers in all stages increases the possiblecombinations to over four million. Alternatively, adding another parallel file pointer in-creases the two-stage pipeline parallel I/O combinations to 91,125 and the three-stage pipe-line to over eight billion choices.This section analyses the effects of parallelising the I/O for a three-stage pipeline mode.All three stages share a common input and output file pointer. Coordination and synchro-nization are needed at each level of the pipeline. Clearly, not all the I/O combinations willbe presented here. Three pairs of parallel I/O behaviours are examined. Apair is definedas the parallel I/O behaviour assigned to the input file pointer and the parallel behaviour as-signed to the output file pointer. Five different replication factors for the pipeline are stud-ied using these three pairs. As well, the effect of early release of the input pointer in thelast two computation stages is examined.The first stage of the pipeline, StageI (Figure 5-14), opens the input and output files.Then, until the input file is exhausted, it calls the second stage of the pipeline, StageII,passing the current state of the two file pointers. After the input file is exhausted, StageI

7 6 closes the input and output files and exits normally. StageI does not do any computationsnor are any of the return values from the second stage used.The second stage of the pipeline, StageII (Figure 5-15), checks if the input file hassome data left to process. The output header is written to the output file. The functiondoes some computations (ComputeStageII) and then enters a loop calling the StageIIIfunction. This loop exits if either the end-of-file is reached for the input file or WORKBLOCKcalls are made. The latter condition was added to permit investigating the effects of earlyrelease of the input file pointer, sin. The return value of StageIII is ignored. After theloop exits, the comment indicates the location where the early release of the input filepointer can be placed. Currently, the function that releases the file pointer is inserted byhand. Future work will have the function inserted by the precompiler. The StageII func-tion then writes to the output file and returns to StageI.The third stage of the pipeline, StageIII (Figure 5-16), reads a value from the inputfile. If there is a problem, it returns an error value to StageII which currently ignores thevalue. Again, the location of the early release code for the input file pointer, tin, is indi-cated by a comment. StageIII completes its computation by writing to the output file us-ing the file pointer tout.StageI ( int argc, char ** argv ){FILE *fin, *fout ;/* The input and output file pointers */int i ;/* A counter */fin = fopen( argv[1], "r" ) ;/* Open the input file */fout = fopen( argv[2], "w+" ) ;/* Open the output file */i = 0 ;while ( ! feof( fin ) ) {/* While there is still data, generate */StageII( i++, fin, 1, fout, 1 ) ;/* work for the second stage */}fclose ( fin ) ;/* Close the input file */fclose ( fout ) ;/* Close the output file */return ;}Figure 5-14 �Source code for the first stage of the three-stage pipeline example, StageI.int StageII ( int N, FILE *sin, int nin, FILE *sout, int nout ){int j, WORKBLOCK = 4;/* A counter and the maximum number of blocks */if ( feof( sin ) ) return 1 ;/* No data, return error */PrintHeader( sout ) ;/* Print header information */ComputeStageII() ;/* Do the computations */j = 0 ;/* Zero the counter */while ( ! feof(sin) && j < WORKBLOCK ) {/* Generate work for the */StageIII( N, j++, sin, nin, sout, nout ) ;/* third stage */}/* Early release of sin inserted here */PrintTrailer( sout ) ;/* Print trailer information */return 0 ;}Figure 5-15 �Source code for the second stage of the three-stage pipeline example,StageII.

7 7 An alternate method which avoids the end-of-file check of the input file pointer (sin) isgiven for StageII (Figure 5-17). This approach has the StageII function wait for a non-zero return from StageIII. The StageIII asset code is written so that if it fails on a read(typically, an end-of-file), it returns a one. This approach fails to achieve added concur-rency because of the future created in StageII on the return variable of StageIII. Figure 5-17 shows an Enterprise technique used to increase computational concur-rency. The return variable is converted into a vector and an additional loop, to check onthe vector�s contents, is added. Aside from being somewhat convoluted and counter-intuitive, this method is less flexible when the I/O behaviour is changed. If the global filesemantics are changed to segmented semantics, the extra blocks of work will cause the filepointer to point past the end-of-file when constant segmentation is used. The segmentation function will have to be carefully constructed when it encounters theend-of-file. Returning an error value (-1) causes the run-time system to attempt to recoverfrom the error. (Currently, the recovery attempt is to abort the application.) Returning azero causes the run-time system to assume the file segment is of unknown size. This ap-proach creates one extra piece of work for StageIII. However, this extra work is insig-nificant since the StageIII process does no work as the function immediately returns uponint StageIII ( int N, int K, FILE *tin, int nin, FILE *tout, int nout ){int input, status ;/* Data input variable and status variable */if ( feof( tin ) ) return 1 ;/* No data, return error */status = fscanf( tin, "%d", &input ) ;/* Read in the data */if ( status != 1 ) return 1 ;/* There is a problem *//* Early release of tin inserted here */ComputeStageIII( input ) ;/* Compute the data */PrintRecord( tout, N, K, input ) ;/* Write the output */return 0 ;/* Return to the second stage */}Figure 5-16 �Source code for the third stage of the three-stage pipeline example,StageIII.#define WORKBURST 4int StageII ( int N, FILE *sin, int nin, FILE *sout, int nout ){int j, returnVal[WORKBURST] ;/* Counter and return variable array */if ( feof( sin ) ) return 1 ;/* No data, return error */PrintHeader( sout ) ; /* Print header information */ComputeStageII() ;/* Do the computations */for ( j = 0 ; j < WORKBURST ; j++ ) {/* Generate a burst of work */returnVal[j] = StageIII( N, j, sin, nin, sout, nout ) ;}for ( j = 0 ; j < WORKBURST ; j++ ) {/* Consume the futures */if ( returnVal[j] == 1 )break ;/* First failure indicates the input file is exhausted */}/* End of checking the bursts of work *//* Early release of sin inserted here */PrintTrailer( sout ) ; /* Print trailer information */return 0 ;/* Return to first stage process */}#undef WORKBURSTFigure 5-17 � StageII asset code modified to check futures.

7 8 detecting the end-of-file.If the asset is configured as unordered (see Appendix Afor more details) from a com-putational viewpoint, these futures are resolved on an as-received basis instead of on an as-generated basis. At first glance, this looks as if an error in the application is possible, sincean out-of-sequence value aborts the work loop prematurely. However, any access to theoutput file pointer, sout, by StageII will block until all the outstanding StageIII proc-esses have released their claim on the output file.5.3.4 Extended Pipeline PerformanceThe experiments presented for the pipeline performance used the same input file. Thefile consists of 16 pieces of work. The machines used are all Sun4 ELC�s with 12 mega-bytes of memory and a local disk for swap and temporary files. They are connected by a10Mbps Ethernet network. The sequential time (user time) was 173 seconds which gives acomputational granularity of approximately 11 seconds per piece of work. All parallel runsreported are the average of five runs.A number of combinations are possible for the process interconnection pattern for thisexample. Recalling the example presented in Chapter˚3.4 and Figure 3-6, Figure 5-18shows the four combinations selected for this experiment.The first configuration, Figure 5-18a, is a simple pipeline consisting of three processes.Segmenting the input and output files at all stages will maximize the overall concurrency ofthe application. However, global file behaviours should not be dismissed. Table 5-4shows the results of using three combinations of global and segmented I/O behaviours.There are four choices for early release of the input file pointer. The exclamation mark (!)indicates that early release was not done. For example, the column labeled !II&!IIImeans that both the StageII and StageIII processes did not release the input file pointerearly.The global input file pointer, fin, blocks the first stage, StageI, when the loop checksfor EOF of the input file. Appropriately, only one StageII process can be active. Thissame check on the input file pointer, sin, blocks the StageII function when it checks forthe EOF. Again, since only one StageIII process is active, this is acceptable. Unless theinput file is released early, the StageII and StageI processes are blocked waiting for ac-cess after generating one piece of work. However, since there is only one process perProcessTypeStageIStageIIStageIII

(a)(b)(c)(d)Figure 5-18 � Four computation configurations for three stage pipeline exampleFile pointer namesEarly Releases i n souttintout!II&!IIIII&IIIII&!III!II&IIIMeetingMeetingMeetingMeeting193193193193MeetingNewspaperMeetingNewspaper188188188188NewspaperNewspaperNewspaperNewspaper185184184184Table 5-4 �Elapsed times for different combinations of parallel I/O behaviours and earlyrelease using the computational pattern shown in Figure 5-18a. Sequentialuser time is 173 seconds.

7 9 stage, early release does not show any benefit. The segmented approach does not showsuperior performance over global behaviours.The output file pointer does not benefit from early release as the function returns imme-diately after the last access with it. If the output file pointer is defined as having global be-haviour, only one process can be active in the file at a time. Since all the computations aredone, the output should be completed quickly to allow the next waiting process to accessthe file. Segmenting the output file is somewhat difficult as the record size is not knownuntil after the record is written. Using unknown segment sizes is appropriate for this ap-plication.None of the combinations showed performance better than the sequential version. Thelower the demand for synchronization (changing from global to segmented parallel behav-iours), the better the performance. PI/OT limits the concurrency between stages by imposingbarriers at each stage which now cause a process to wait for its child process to return I/Oinformation. Effectively, only one process at a time is allowed to progress. The cost ofmessages further reduces the application performance.The second process configuration, Figure 5-18b, attempts to improve the performance.The configuration replicates the second stage three times and leaves the third stage as a sin-gle process. The changes to the computational parallelism are made to the graph file andleave the I/O parallelism unchanged. No recompilation is necessary. The StageIII proc-ess performs the bulk of the computations (number of invocations) and is rapidly over-whelmed with requests for work from the three StageII processes. The data in Table 5-5show that the parallel performance is comparable to the previous configuration (Figure 5-18a) but uses more processors. Even with the early release of the input file pointer, sin,there is not much concurrency available since there is only the one StageIII process.Using a global behaviour for the input file pointer with early release and segmented behav-iour for the output file pointer yields the best performance of this configuration. Segment-ing the input file increases the concurrency but again, the StageII processes overwhelmthe single StageIII process. Unless the cost of computing the second stage is signifi-cantly more than the third stage, this configuration of processes is not that successful.The third process configuration, Figure 5-18c, has the last stage replicated three times.Since the bulk of the computations are done in the last stage, replicating the last stageshould yield a better result than the previous two attempts. Using global behaviours, theone StageII process would wait for a StageIII process to return control in order to pro-ceed. The mixture of global input and segmented output file pointers would not show asignificant improvement since each of the StageIII processes would wait for access to theglobal input pointer. However, using early release of the input file pointer for this stage inthe pipeline, the three StageIII processes will become fully utilized. Performance shouldapproach the performance of the fully segmented file pointer test.The results of using three different PI/OT template combinations and invoking early re-lease of the input file pointer, shown in Table 5-6, indicate that early release of the input filepointer in the StageIII processes does permit more overlapping concurrency. The pureFile Pointer VariablesEarly Releases i n souttintout!II&!IIIII&IIIII&!III!II&IIIMeetingMeetingMeetingMeeting193172192192MeetingNewspaperMeetingNewspaper188166187188NewspaperNewspaperNewspaperNewspaper168168167167Table 5-5 �Elapsed times for different combinations of parallel I/O behaviours and earlyrelease using the computational pattern shown in Figure 5-18b. Sequentialuser time is 173 seconds.

8 0 segmented behaviour fills the pipeline and shows the best performance. The mixture ofglobal and segmented file pointers shows only slight improvement over the global behav-iour. The effect of adding early release to the last stage significantly improves the applica-tion�s performance over its sequential performance.The fourth process configuration, Figure 5-18d, has both the second and third stagesreplicated three times. Using only global behaviours with early release should show betterresults since more of the second stage processes would be concurrently utilized. With thesecond and third stages replicated, the early release of the input file pointer is beneficialonly if either the third stage or both the second and third stages are involved. This is obvi-ous since early release of the second stage relies on the third stage releasing the input filepointer first. The purely segmented approach would show no effect using early releasesince the input file segment is not modified. The data in Table 5-7 confirms these predic-tions.The fifth configuration is similar to the fourth configuration except that the replicationfactor for the third stage is increased to six for a total of eleven processes. When the repli-cation factor of the last stage was increased to six, the segmented performance continued toimprove3. As well, the mixed behaviour version using early release continued to show animprovement as more of the StageIII processes were utilized.5.3.5 Useability and Composability SummaryThe PI/OT model offers many choices for parallelizing the I/O. The two example appli-cations, while containing relatively simple computational parallelism, show how more

3 When repeating this experiment on the heterogeneous network used in the first two experiments(Section˚5.1 and Section˚5.2), increasing the replication factor of the last stage actually degraded per-formance. This happened since it is more likely that a slower processor would be selected by the compu-tational manager.File Pointer VariablesEarly Releases i n souttintout!II&!IIIII&IIIII&!III!S&IIIMeetingMeetingMeetingMeeting194111194112MeetingNewspaperMeetingNewspaper189109188109NewspaperNewspaperNewspaperNewspaper105104105105Table 5-6 �Elapsed times for different combinations of parallel I/O behaviours and earlyrelease using the computational pattern shown in Figure 5-18c. Sequentialuser time is 173 seconds.File Pointer VariablesEarly Releases i n souttintout!II&!IIIII&IIIII&!III!II&IIIUsing a replication factor of three for both StageII and StageIII ProcessesMeetingMeetingMeetingMeeting19390192110MeetingNewspaperMeetingNewspaper18973189108NewspaperNewspaperNewspaperNewspaper67676767Using a replication factor of three StageII and six for StageIII ProcessesMeetingMeetingMeetingMeeting1936219283MeetingNewspaperMeetingNewspaper1894418871NewspaperNewspaperNewspaperNewspaper39373738Table 5-7 � Elapsed times for different combinations of parallel I/O behaviours and earlyrelease using the computational pattern shown in Figure 5-18d. Sequentialuser time is 173 seconds.

8 1 complex I/O patterns are easily created by composing these simple parallel behaviours. Theease of developing the parallel applications without any dependencies on specialized libraryfunctions or by explicitly encoding the parallelism into the application is a positive featureof this approach to parallel I/O. These two examples also show that parallelizing I/O formore complex applications does not readily show the speed up that the computational par-allelism suggests is possible. Granularity of the computations must be increased to balancethe cost of the synchronization and coordination of the parallel I/O model. The currentdeadlock prevention mechanism does not permit as much flexibility as desired with the readand write attributes. The more I/O pointers involved in a transaction, the less flexibility isshown. More work is needed to improve the deadlock prevention algorithm to gain tangi-ble proof of the benefits of three levels of ordering.5.4 Dynamic SegmentationStrided interfaces or pre-defining access structures for regular data structures appears tobe the current approach to segmenting a file. This is acceptable for regular data structureslike dense matrices. Irregular sized data structures are not as easily manipulated by a prede-fined or regular segmentation approach and consequently, show poor parallel performance.An irregular data structure is typically represented in a file as a header element indicat-ing either the size or number of elements � a description of what follows. The actual ele-ments follow the header element. This two step implementation is often nested. While per-forming two read or write operations works well with sequential applications, a two stageread or write technique is difficult to manage for parallel applications because the concur-rency introduces synchronization problems. Another approach to interpreting an irregulardata record is to use a special character indicating the end of record. For example, the seg-mentation function in Figure 4-14 uses the knowledge that every third line feed characterindicates the end of a data record to segment a file.Sequentially, a file is treated as a stream of bytes. No structure is imposed on the diskfile. In parallel applications, this lack of structure causes problems. Segmenting a file notbased on meta-information regarding the size and composition of data blocks could be inef-ficient. Sequentially, this information is found by performing two reads or double writinga complex object. Double writing means that the object is written to a temporary buffer(disk or memory), the record length determined, and the record is copied to disk along withthe length. When importing a sequential file into a parallel I/O system, a user should begiven a chance to cache segmentation information for a specific data file. This could bedone either by creating a meta-file or by modifying the contents of the actual data file. Thislast step is not done casually since it effects the user�s code.During the parallel computation, the meta-information about the file structure is used tosegment the file. Export of the file from the parallel file system back to the sequential filesystem uses this meta-information to reassemble the parallel file. Both the import and ex-port steps should be taken into account when determining overall processing time for thefiles. In effect, the application reads the file twice � once for the meta-information andonce for the actual data. Since there is little chance of avoiding this double read, a seg-mentation function that does this as the application progresses through the file is proposed. Earlier in Section 5.1, a fine-grained I/O application was used to compare the perform-ance of PI/OT and PIOUS. That particular comparison used a constant segmentation factor.This section looks at the cost of using a dynamic segmentation function.5.4.1 Segmentation FunctionsThree segmentation functions were tested. These three form a spectrum of segmenta-tion functions. They range from a complete reading of a data record to a single small (4byte) read to establish the size of the record to no read (a constant). From this spectrum,the effect of the approach to segmenting a file is studied.

8 2 The first approach is a complete read of the entire record (Figure 5-19). Instead of us-ing the version shown in Figure 5-5 which seeks over the elements of a subcomponent, thefunction reads the size of a subcomponent. The function then reads in the elements to ad-vance the file pointer to the start of the next subcomponent. Since the size of the data isknown or computable, reading into a buffer is acceptable. Of the three segmentation func-tions tested, this function should have the largest impact on performance. The segmenta-tion function effectively reads the entire segment using a number of small I/O operations.The second function, EmbeddedSegmentation (Figure 5-20), requires modifications tothe sequential and parallel applications. The internal structure of the file must be modified#define IC ( sizeof(int) + sizeof(char) )#define I sizeof(int)unsigned long ReadSegmentation ( FILE * fp, int min, int max, int current ){unsigned long offset ;/* Extent of this record */int CD, C, D, E, i ;/* Record header variables and a counter */char buffer[ 4096 ] ;/* The maximum size of a record on disk*/i = fread( &CD, I, 1, fp ) ;/* How many CEDE objects are there */if ( i != 1 ) /* End of file or file error, return error */return (unsigned long)-1 ;offset = I ; /* The record includes the size of CD */for ( i = 0 ; i < CD ; i++ ) {/* Loop reading the CEDE records */fread( &C, I, 1, fp ) ;/* Elements in this C record */fread( buffer, sizeof(char), C * IC, fp ) ; /* Read C data block */offset += I + C * IC ;/* Increment size of record */fread( &E, I, 1, fp ) ;/* Elements in this E record */fread( buffer, sizeof(char), E * IC, fp) ;/* Read E data block */offset += I + E * IC ;/* Increment size of record */fread( &D, I, 1, fp ) ;/* Elements in this D record */fread( buffer, sizeof(char), D * IC, fp ) ; /* Read D data block */offset += I + D * IC ; /* Increment size of record */fread( &E, I, 1, fp ) ;/* Elements in this E record */fread( buffer, sizeof(char), E * IC, fp ) ; /* Read E data block */offset += I + E * IC ; /* Increment size of record */}/* End of loop reading in the CEDE records */fread( &E, I, 1, fp ) ;/* Elements in this E record */offset += I + E * IC ; /* Increment size of record */return offset ; /* Return the size of the Child record */}#undef IC#undef IFigure 5-19 �Segmentation function for fine-grained example that reads the entire record.unsigned long EmbeddedSegmentation ( FILE * fp, int min, int max, int current ){int size, i ;i = fread( &size, sizeof(int), 1, fp ) ;/* How big is this record */if ( i != 1 ) /* End of file or file error, return error */return (unsigned long)-1 ;/* Return the size (in bytes) of this record plus the header size */return (unsigned long)(size + sizeof(int);}Figure 5-20 �Segmentation function for fine-grained example that has the size of the rec-ord embedded into the data file.

8 3 to include a header before each Child data block indicating how many bytes the blockcontains. The function reads in the value and returns the offset. This intrusive approachshould have a smaller impact on performance than that of the full read version because thereis only one small read operation.The third function, ConstantSegmentation (Figure 5-21), is intended to have theleast impact on performance. It simply returns a constant value with no access to the disk.However, this constant size trades knowledge for flexibility. If the records are smaller thanthis constant size, holes will exist in the file. If the data records are larger than the statedsize, data is lost. As well, the program is corrupted due to reading past segment bounda-ries or the file is corrupted by writing past segment boundaries.5.4.2 Dynamic Segmentation PerformanceThe two read segmentation functions and the constant value function were used to ex-amine the effect of increasing computational granularity against increasing the replicationfactor. The application was run using four different computational granularities consistingof approximately 0, 10, 37 and 147 seconds per data record (Table 5-8).This granularity is based on the computational part of the application, not the cost ofsegmenting the record. Each computational granularity was tested using four different rep-lication factors of 2, 5, 10, and 15 Child processes for each segmentation function. Allparallel runs reported are the average of five runs. The data indicates that until a certainunsigned long ConstantSegmentation ( FILE * fp, int min, int max, int current ){/* Return the size (in bytes) of this record */return (unsigned long) 352108 ;}Figure 5-21 � Constant segmentation function for fine-grained I/O example.ReplicationCPU granularities (seconds)Factor01 0 3 7 1 4 7Sequential1647918537339Full Read Segmentation2239512136148755168251535182410137187324106215138148255679Embedded Read Segmentation2210505136148705127225534182510119160332106915118147266697Constant Segmentation2208505137248695123220531182410115155330106715115142264695Table 5-8 �Elapsed time (seconds) using three different segmentation functions, fourreplication factors for the Child process, and four computational granulari-ties for the fine-grained I/O example.

8 4 threshold of computational granularity is reached, the application is better off being run se-quentially. There appears to be little difference in performance to determine which seg-mentation function is best to use.Amaximum of sixteen processors are used in this set of experiments. Fourteen areSun4 ELCs while the other two were slower Sun4 IPCs. When using the IPCs, any ad-ministrative processes (e.g. the Enterprise root process4) or a process that did not have alarge CPU requirement were placed on the slower machines. Where possible, the fastestprocessors were used first. All processors have a local disk for swap and temporary filesand are connected by a 10Mbps Ethernet network.Figure 5-22 (a), (b), and (c) shows the performance of the three segmentation functionswith increasing replication factors for the Child processes. These figures show that there

4 See Appendix A for more details.

010002000300040005000600070008000050100150Granularity (seconds)

Elapsed Time (seconds)

Sequential

251015Replication Factor(a)

251015Replication Factor(b)

251015Replication Factor(c)

0100200300400500600700050100150Granularity (seconds)

Full Read

Embedded

ConstantSegmentation Function(d)Figure 5-22 � Elapsed time versus computational granularity using constant (a), full read(b), and embedded read (c) segmentation for fine-grained I/O example atfour replication levels. Elapsed time versus computation granularity of thethree segmentation functions using a replication factor of fifteen (d).

8 5 are diminishing returns by increasing the replication factor. This diminishment can be at-tributed to the Parent process becoming a bottleneck for distribution of the input file seg-ments and integrating the output file segments. The computational interactions limit thescalability of this implementation of PI/OT. The difference between the three different seg-mentation functions using a replication factor of 15 is seen in Figure 5-22(d). Unless thecomputational granularity is low, there is no significant difference between the three ap-proaches to segmentation.At low granularity or replication factor, the constant function and the embedded readfunction show definite performance improvements over the full read segmentation function.The cost of fully reading the record twice is noticeable but small. However, once there wassufficient computational granularity (10 seconds), all the segmentation functions gavesimilar performance. The full read version gave slightly better performance with the highergranularities and replication factors. The performance improvement can be attributed to the overlapping I/O and computa-tions. As well, the I/O has been prefetched and is still likely to be either in the disk cacheor resident in memory at the file server. Clearly, the costs of segmentation are hiddenwhen there is sufficient computational granularity. For this application, the Parent proc-ess continues to segment the file after all the Child processes are busy. The overlap of theI/O and computations is beneficial.5.4.3 Dynamic Segmentation SummaryThree segmentation functions were examined for their relative performance in a parallelapplication. As the granularity of the computation rose, the choice of a segmentation func-tion became moot. Clearly, the least interference with the original data file is most desir-able.The performance of the simple parallel configuration is acceptable (in that a speedup isseen). The next section looks at a more complicated computational pattern along with anincrease in the complexity of the parallel I/O requirements. The intent is to examinewhether improved performance can be extracted for the application and to determine thecosts of creating the application.5.5 Complex I/O PatternsIf there is sufficient computational granularity, experimentation with the configurationof a parallel application may yield better performance. The fine-grained example used inSection˚5.1 and 5.4 was modified to change the computational parallelism in order to seekbetter performance on the two computational platforms.The Child data record (Section˚5.1.1) consists of n(CEDE) data blocks followed bya trailing E data block. With increasing computational granularity, computing a subset ofthe CEDE blocks could be parallelized with the potential for an increase in performance.However, the I/O requirements have now been changed. What modifications are necessaryto implement these changes?A new function, CEDE, was developed to run in parallel (Figure 5-23). This functionassumes that what is left in the input file is a collection of CEDE records. This approachtakes advantage of the PI/OT segmented I/O semantics in which the end-of-file is the same asend-of-segment for the newspaper template. An alternate approach has the actual numberof records in the segment block passed as a parameter to the function. However, in eithercase, the parallel I/O implementation must leave the input file pointer located at the start ofthe trailing E record for the Child process after all the calls to CEDE.The computational parallelism is straightforward to modify. The computation becomesa three-stage pipeline consisting of Parent as the first stage, Child as the second and CEDE

8 6 as the third. The second and third stages are replicated. The original computational con-figuration is seen in Figure 5-24a while Figure 5-24b shows the new configuration. For performance comparison, the number of actual processes is kept the same. AChild process still receives an input file segment from the Parent process. Child is nowresponsible for distributing the sub-segments of its segment to the CEDE function. TheChild process must also collect the output from these client processes and merge the outputbefore returning its output segment to Parent.The Child function required some modification (Figure 5-25) in order to implementthis new parallel computational behaviour. The loop counter where the CEDE blocks werecomputed was changed to increment by a specified number of blocks. Inside the loop, thenumber of CEDE elements per block was monitored to ensure that only CEDE blockswere distributed. After the loop finished, the trailing E record was computed. The Childprocess then waited until all the outstanding CEDE work requests were completed and re-turned their output before returning to the Parent process.The only PI/OT modification is that an additional segmentation function must be createdto segment the CEDE record blocks. The next section documents the creation of this addi-tional segmentation function.5.5.1 An Additional Segmentation FunctionAnew segmentation function (Figure 5-26) was created for the new computationalstage, CEDE. One problem arose when developing the sequential code. If a constant blockof CEDE records is used, there is a good possibility that the last block will contain morethan just CEDE records. For example, suppose there were 101 CEDE records in theChild segment and the blocking factor was ten. The last file segment should only containone CEDE record but it will contain additional information that the CEDE function willmisinterpret and corrupt the rest of the calculations. Since the interface between the call-back function and run-time system is already defined, an alternate approach is needed. int CEDE( FILE *cdin, int nin, FILE *cdout, int nout ) {if ( cdin == NULL ) return 1 ;/* No file is defined! */while ( ! feof(cdin) ) {/* Assume the file contains only CEDE blocks */ComputeC( cdin, cdout ) ;/* Compute the C record */ComputeE( cdin, cdout ) ;/* Compute the E record */ComputeD( cdin, cdout ) ;/* Compute the D record */ComputeE( cdin, cdout ) ;/* Compute the E record */}fflush( cdout ) ; /* Ensure output has gone to disk */return 0 ; /* Return to Child function */}Figure 5-23 �Source code for the CEDE function for the more complex I/O example basedon the fine-grained I/O example.(b)

(a)ProcessTypeParentChildCEDE

Figure 5-24 � The computational parallelism for original (a) and more complex (b) versionof the fine-grained I/O example.

8 7 One solution is to use a global variable. The Child process knows the number ofCEDE blocks prior to invoking the CEDE function. It was a simple matter to insert a test inthe Child distribution loop to test and, if necessary, limit the number of CEDE blocksdistributed. This global variable could be declared static and effectively shielded from#define StartingCEDEBlock 10int CEDE_BLOCKSIZE = StartingCEDEBlock ;/* Used by segmenation function */int Child( FILE *bin, int nin, FILE *bout, int nout ) {int Cdelem, I;/* Number of records to process and a counter */char type=’B’;/* Record type */i = fread( &CDelem, sizeof(int), 1, bin ) ;/* Number of CEDE records */if ( i == 0 ) return 1 ;/* Read failed, nothing to do */if ( ! feof( bin ) ) {/* Not end of record */OutputBHeader( bout, CDelem );/* Output the B record header */CEDE_BLOCKSIZE = StartingCEDEBlock ;/* Compute a CEDE block */for ( i = 0; i < CDelem; i += CEDE_BLOCKSIZE ) {/* Distribute blocks *//* Don�t exceed the number of records ! */if ( i + CEDE_BLOCKSIZE > CDelem ) CEDE_BLOCKSIZE = CDelem - i ;CEDE( bin, 1, bout, 1 );/* Compute the CEDE block */}ComputeE( bin, bout );/* Compute the trailing E record */}fflush( bout ) ;/* Ensure output has gone to disk */return status ;/* Return status of this function to Parent */}Figure 5-25 �Modified source code for the Child function reflecting the changes neces-sary for the more complex fine-grained I/O example.extern int CEDE_BLOCKSIZE ;/* How many CEDE blocks to read */#define IC ( sizeof(int) + sizeof(char) )#define I sizeof(int)unsigned long segCEDE( FILE *fp, int curr, int min, int max ) {unsigned long offset = 0 ;int i, C, D, E ;char buffer[4096] ;/* Maximum size of a record on disk */for ( i = 0 ; i < CEDE_BLOCKSIZE ; i++ ) {/* Determine the block size */fread( &C, I, 1, fp ) ;/* Elements in this C record */fread( buffer, sizeof(char), C * IC, fp ) ;/* Skip over C record */offset += I + C * IC ;/* Increment the size counter */fread( &E, I, 1, fp ) ;/* Elements in this E record */fread( buffer, sizeof(char), E * IC , fp ) ; /* Skip over E record */offset += I + E * IC ; /* Increment the size counter */fread( &D, I, 1, fp ) ;/* Elements in this D record */fread( buffer, sizeof(char), D * IC, fp ) ; /* Skip over D record */offset += I + D * IC ; /* Increment the size counter */fread( &E, I, 1, fp ) ;/* Elements in this E record */fread( buffer, sizeof(char), E * IC, fp ) ; /* Skip over E record */offset += I + E * IC ; /* Increment the size counter */}return offset ;/* Return the size of this CEDE record block */}#undef IC#undef IFigure 5-26 � Segmentation function for CEDE parallel I/O requirements.

8 8 the rest of the code if the asset code and the segmentation function share the same file.5.5.2 Complex I/O PerformanceThe number of CEDE blocks per segment sent to a remote CEDE function was set to adefault value of ten. Three replication combinations using ten processes were tested. Twodifferent computational platforms were used. The same operating system was used on bothplatforms � SunOS 4.1.4. All the processors communicate with each other using a10Mbps Ethernet connection. The first platform is heterogeneous in processor capacity. It is similar to the configura-tion used in the first two experiments (Section˚5.1 and Section 5.2) except that the Sparc 4(SS4) and one of the Sun ELCs is now replaced by a Sparc 10 (SS10) dual processor unitand a Sun SLC. The SS10 is about 4.5 times faster than the SLC. The other processorratios are found in Section˚5.1.5. The configuration consisted of the following processors(and memory): one SS10 (96 megabytes), two Sun4 Classics (32 megabytes), five SunELCs (32 megabytes), and five Sun SLCs (16 megabytes). All processors have local diskfor swap and temporary file space. The second configuration is the homogeneous platformthat was used for the third (Section˚5.3) and fourth (Section˚5.4) experiments, and con-sists of thirteen Sun ELCs with 12 megabytes of memory and local disk for swap and tem-porary file space.This problem contained fifty Child records with each Child record containing onehundred CEDE records. As the number of Child processes increases, the CEDE processesbecome the bottleneck. For the data file used, each time a Child process receives a workrequest from Parent, Child generates ten CEDE calls. For these experiments, the sequen-tial time needed to process one Child record was set to be about 85 seconds on the fastestprocessor that runs a Child process in the heterogeneous case. That same setting corre-sponds to 147 seconds with the homogeneous process cluster. The average computationalcost for a CEDE call is approximately 9 (heterogeneous) or 15 (homogeneous) seconds.With eight CEDE processes, the twenty requests are quickly handled. As the number ofwork requests increases, the reduced number of CEDE processes, which do the majority ofthe computations, inhibits performance on the homogeneous processor cluster. However,using the heterogeneous process cluster, the slower processors were specifically selected torun the Child processes, leaving the CEDE processes to the faster processors. Conse-quently, there should a noticeable improvement to the performance of the application.The Child file fragment was further segmented for each block of CEDE records. Thereis little impact on the network for I/O activity as all the Child processes segment their localcopy of the larger file fragment. Similarly, the Child processes reassemble the output ofthe CEDE processes before returning their larger segment to the Parent process. As theChild and CEDE processes do not know in advance the size of their respective output rec-ord, an unknown segment size was used for both process types.Given the same number of processes, Table 5-9 shows that the performance is betterReplicationElapsed Time (seconds)CEDEChildCEDEHeterogeneousHomogeneousRequests100153810620281448102320371516115830461630134440Table 5-9 �Elapsed time in seconds for a more complex computation on a heterogeneousand a homogeneous network of workstations. Atotal of ten processes areallocated to execute the Child and CEDE functions.

8 9 than in the simpler pipeline example. The shaded row corresponds to the elapsed time forthe simpler two-stage pipeline approach. There is about a six percent increase in the per-formance on the heterogeneous processor cluster using the more complicated parallel de-sign. This performance improvement deteriorates as the number of Child processes in-creased. This is due to the inability of the faster processors to keep up to the increasednumber of work requests from the Child processes. The homogeneous computationalplatform showed very little performance gain and, as the number of Child processes in-creased, performance degraded quickly.5.5.3 Complex I/O SummaryThe benefits of a template approach over a hand-coded library approach are highlightedin this experiment. With a minor change to the source code, the performance is incremen-tally improved for the heterogeneous network. Adapting to the change involved a modifi-cation to the computational parallelism and corresponding adaptation to the I/O parallelism.The PI/OT and Enterprise modifications took about an hour to design and implement. Theapplication needed to be recompiled by Enterprise to reflect the changes in the computa-tional parallelism (creating the new wrapper function for CEDE). Creating this same appli-cation by integrating and embedding both the computational and I/O parallelism into thecode, for example using PVM and PIOUS, would take considerably more time and would beprone to errors. Clearly, while PI/OT does not parallelize the application, this model of I/Oprovides the abstractions necessary to allow the user to specify what is needed whileleaving how to implement requirements to the run-time system.5.6 Chapter SummaryFive sets of experiments examined the performance and useability of the PI/OT modeland implementation. The first two experiments compared the performance aspect of theEnterprise implementation of PI/OT and a more low-level parallel file system, PIOUS. Bothexperiments had the same computational parallelism � a simple parent-child behaviour.Enterprise and PIOUS both use PVM as the underlying communication system. The differenceis that Enterprise uses computational templates to express the parallelism while the PIOUSversion relies on the user to hand-code the necessary parallel communications to developthe parent-child behaviour. The computational behaviour was straightforward to implementin either system. However, the parallel I/O requirements were quite different.The first experiment (Section˚5.1) has fine-grained I/O requirements spread throughoutthe application. The first experiment had one input and one output file, each segmented.Each segment of work consisted of many small I/O calls involving from four to severalhundred bytes. Only one Enterprise version gave acceptable performance.The hand-coded approach using PIOUS permitted seven different implementions of thesame application. The user could use the PIOUS system calls to treat the files as either seg-mented or globally shared, and cache segments to a local disk or not. The local processesused buffered or standard I/O streams, or low-level I/O calls on these local cached copies.Each of the PIOUS versions developed took several hours to code and debug. The childprocess needed no modifications to the original source code for the child except in one casewhere all I/O was replaced with the PIOUS I/O calls.The second experiment (Section˚5.2) had a few coarse-grained I/O operations spreadover three file pointers. The application did not provide the same variety of choices as didthe fine-grained I/O when using the low-level parallel file system. In fact, there was onlyone way of implementing it in each parallel I/O system to get acceptable performance.The third experiment (Section˚5.3) examined the useability and composability of thePI/OT parallel I/O model. Changing the external parallel I/O requirements did not require a

9 0 recompilation (or re-writing) of the sequential source code. Early release of file pointersshows the improved concurrency for a given application.Early release is only one part of the potential of using static analysis to improve I/O per-formance. The compiler can determine the scope of a file pointer�s use in a function. Theearly release mechanism can be inserted when the file pointer is no longer needed. Staticanalysis can also determine if it can safely rearrange code to cluster the I/O statements toimprove the effect of early release. This analysis can also be used to provide hints to therun-time system indicating that, for a given transaction type, deadlock prevention is notnecessary. However, static analysis can only provide hints. Since the parallel I/O behav-iour can be changed without requiring the recompilation of the application, the run-timesystem must make the final decision about deadlock prevention.The fourth experiment (Section˚5.4) examined the performance of three different seg-mentation functions, as proposed for the dynamic segmentation contribution of PI/OT. Theperformance of segmentation functions is not as much of a concern when there is somecomputational granularity. The exact point when the segmentation function has a signifi-cant impact on the performance depends on the size of the computational granularity, theamount of I/O needed, and the complexity of calculating the size of the extent.The fifth experiment (Section˚5.5) revisited the first application, the fine-grained I/O.The lessons learned in the first four experiments were applied to see if the earlier perform-ance could be improved. The application was modified for a more complex computationalpattern and a different parallel I/O behaviour. This resulted in a six per cent increase whenworking with a heterogeneous mix of processors. This same pattern showed little or nogain when running the same application with a homogeneous processor mix. Modifica-tions were needed to the computational parallelism but the only additional code required forthe new parallel I/O behaviour was a new segmentation function. The functions using I/Odid not need any modifications for the new parallel I/O behaviour. The advantages of atemplated approach to the computations and I/O parallelism are seen in the flexibility to ex-periment and test to seek the best performance for a given computational platform.

9 1 Chapter 66. ConclusionsThe feasibility of a top-down approach to parallelizing the I/O components of an appli-cation has been presented. The current approaches are bottom-up with specialized librariesof functions differentiating between parallel and sequential streams. Synchronization andcoordination between different I/O streams are left as the responsibility of the user. Trans-action support is rudimentary. All the parallelism is explicitly inserted into the applicationcode. If either the computational or I/O parallelism is changed, a new version of the appli-cation must be created. PI/OT eliminates these problems by using I/O templates and cooper-ating with the computational templates. However, given the desire for high performance inparallel applications, the above advantages can easily be negated if the run-time perform-ance of PI/OT is poor. While the current implementation is not complete, the results reportedhere validate the claim that the performance is acceptable.In fact, there are two claims made in this thesis. The first claim (Chapter 3 and 4) isthat parallel I/O behaviours in an application can be specified separately from the sourcecode. The work presented here extends the template approach which is shown to be bene-ficial for computational parallelism by Szafron and Schaeffer˚[73]. The user code is sig-nificantly reduced in comparison to the hand-coded versions and the application is com-pleted much sooner since the templates are correctly implemented for the selected parallelbehaviour. There are no new parallel I/O function libraries to learn and no language exten-sions. All I/O is performed using the familiar standard stream interface. The separation ofthe parallel I/O behaviours from the source code, coupled with a corresponding separationof parallel computation behaviours, can be combined to produce a more responsive and�better� tuned application. This corresponds to the idea that the user specifies what paral-lel behaviours should be used while the parallel programming system determines how toimplement the behaviours.The second claim (developed in Chapter 5) is that the software engineering advantagesof such an approach do not necessarily incur a significant loss of performance. This claimagrees with the conclusions of Szafron and Schaeffer that only a small performance penaltyis paid for using computational templates.Anumber of extensions and future research possibilities arise from this work. Sec-tion˚6.1 documents some of the compile-time and run-time extensions that would lead tofurther improvements. Section˚6.2 lists the contributions of this dissertation. Section˚6.3summarizes the work presented in this document.6.1 Extensions and Future ResearchNot all of the lessons learned from developing this PI/OT prototype are integrated intothe current solution. Rather than adding the missing portions (the report template, wri-table photocopies, a more intelligent deadlock prevention mechanism, and support foratomic I/O statements) in an ad-hoc fashion, the current implementation would benefit froma complete rewrite. The Enterprise PPS needs modifications to the precompiler and run-time system to fullysupport the different I/O templates. Primarily, this involves providing hints for deadlockprevention and prefetching. Enterprise is intended to be a complete parallel programmingenvironment. The Enterprise graphical user interface should be modified to supportgraphical PI/OT templates. Currently, the graph file is modified by hand. PI/OT generates

9 2 events about parallel I/O operations which are intended for use by the Enterprise paralleldebugger and performance monitor. Both of these components need modification in orderto use this information.A second area of future work is to implement PI/OT within another parallel programmingsystem. The decision to use Enterprise for the prototype was easy to make. The Enterprisesource code and, more importantly, the people who developed Enterprise were available forconsultation when it came time to implement PI/OT. The I/O model presented here is inde-pendent of the implementation platform. However, proof of this independence would bedemonstrated by a successful implementation in another parallel programming system. In-dependence could also be validated by implementing PI/OT using a specialized parallel I/Olibrary. This top-down approach to parallel I/O should be able to take advantage of the op-timizations offered by these tools.As well, Enterprise only supports certain computational models. Mesh and peer-to-peer models, for example, are not supported. The reason for this is that computationaldeadlock is difficult to detect or prevent for such templates. Implementing PI/OT in a PPS thatallows the user to develop such a computational application would test the current deadlockprevention mechanism. The work done so far has identified the minimal requirements for aparallel computational system needed to implement PI/OT.All this work has been done on a network of workstations (NOW), but shared memoryprocessors (SMP) are a popular competitive alternative. As well, distributed shared mem-ory systems (DSM) can provide adequate performance if the network provides sufficientbandwidth and message latency for a particular application. Can shared memory and par-allel I/O co-exist? Consider a file pointer that is placed in shared memory. Unless there isoperating system support for such a strategy, problems will develop. In particular, if dis-tributed shared memory is used, a file pointer created by one processor and used on a dif-ferent processor is not likely to work. In addition, shared memory would also require thememory stream (sprintf and sscanf) functions to be made parallel-aware. I/O templateswould work with the shared memory model and the computational parallelism to provide anappropriate solution. Therefore, a PPS that supports a shared memory model would needcompiler and run-time modifications to identify and support shared parallel I/O objects.The five templates presented here should not be considered complete. Future work isneeded to examine whether additional templates or attributes are appropriate and to deter-mine their relationships. For example, the log template can be treated as a specialization ofthe meeting template while the report template can be considered a generalization of thenewspaper template. However, these two specialized templates are useful to specifycommon parallel behaviours.An important area for future work is the development of a more sophisticated deadlockprevention mechanism. This will require compiler and run-time support. The conservativeapproach of the current implementation restricts concurrency and the expressiveness of theattributes. Section˚6.1.1 addresses this problem in more detail.The rest of this section describes in more detail where static and run-time extensionsshould be beneficial. Section 6.1.1 looks at extensions to the deadlock prevention with thePI/OT model. Section 6.1.2 discusses some of the issues that static analysis should addressto integrate I/O and computation parallelism. Section˚6.1.3 discusses some extensions ofthe run-time support. Section˚6.1.4 summarizes the future research directions of the workpresented in this dissertation.6.1.1 Deadlock PreventionAs discussed in Chapters 3, 4, and 5, deadlock prevention is needed. Deadlock detec-tion after the fact is not appropriate since resolution will likely involve a rollback of com-putations and I/O operations. This is difficult and costly to do correctly in the general case(if it can be done at all). Deadlock prevention does not require rollback. The price of this

9 3 prevention is the limitation of some of the potential concurrency. Static analysis of thesource code, along with run-time analysis of the transaction and template attributes, canensure deadlock prevention is activated only when needed.For example, transactions that make all access requests in the same sequence do notneed deadlock prevention. If static analysis can detect this pattern, or better, safely re-organize the code to ensure this pattern, deadlock prevention can be avoided. This assumesthat the access permission is surrendered back to the pool of processes competing for ac-cess only when the transaction has no more need for the file pointer.There are two areas where deadlock prevention can be extended. The first is in thedefinition of the transaction by a process. Currently, the definition of a transaction lies inthe formal parameters of the remote function invocation. The creation of a transaction in-stance occurs when the remote process is passed a collection of file pointers. The scope ofa transaction consists of the first access by any of the file pointers composing the transac-tion and the return of the remote function. Identification of any sub-transactions whichwould eliminate coupling between global file pointers reduces the need for deadlock pre-vention. Having only one global file pointer in a transaction eliminates the second condi-tion for deadlock (Chapter˚4.5).The second extension for deadlock prevention occurs when a collective I/O operationtakes place. The collective open must be taken into account by the deadlock preventionmechanism in the context of the current transaction of the process. PI/OT is designed to usea client-server model. Introducing a third process as the manager of the collective open(Chapter˚4.2.1) complicates the deadlock prevention mechanism.If there are any global file pointers in the current transaction, other than the one cur-rently being collectively opened, the client process cannot request the open until access forthe other pointers is confirmed. Since the process that is the manager of the collective openis not necessarily the same process that produced the current transaction, there are nowthree processes involved with the collective open. The client process (PC), the process thatgenerated the transaction (PT), and the collective manager process (PM) must cooperate toprevent deadlock. PC cannot proceed to ask PM for participation in the collective open until it has beengranted access to the global file pointers in the transaction by PT. If the access to these filepointers has not been sought yet, which one should PC use to ask for access? Recall thatthe client will be blocked until the access permission arrives. As well, PM must ensure thatit does not grant access to several client processes when more than one file is collectivelyopened. For example, two file pointers, f and g, with global semantics are collectivelyopened by processes PC1 and PC2. If PC1 is allowed to open f, the manager process (PM)must ensure that PC1 opens g before PC2�s requests for f or g can be granted. Otherwise,deadlock occurs.Static analysis can be used to determine the scope of transactions. The transaction iscurrently defined by the scope of the remote function. However, within the function, sub-transactions can be defined (as evident by the effect of the early release function in Chap-ter˚5.3). This subdivision must be kept under the control of the user since the user�s algo-rithm can couple the two file pointers together despite the static analysis determining theyare independent of one another.6.1.2 Static Analysis SupportTo solve the deadlock problems pointed out in the previous section and to increase thepotential for concurrency, static analysis of the source code should provide hints to the run-time system. Also, this static analysis provides the chance to safely move I/O code withinan application to reduce the length of time a transaction needs to run. Consider the casewhere a function reads in some data, computes, reads in some more data, computes, andthen writes out the results. If it can be determined that the read and write operations are

9 4 independent of one another, the static analysis could recommend that an early release beinserted after the second read operation. Afurther refinement of this transaction has thetwo read operations consolidated or clustered together at the beginning of the computations(if possible). After the read operations are completed, the file pointer is released. This al-lows another blocked process to read and start processing the data. The overall concur-rency has been increased over the original solution. The first process to finish computingcan then request access to the output file.While the scope of a transaction is being defined in the remote function by the compiler,static analysis could be done in an attempt to automatically derive a segmentation functionor constant.6.1.3 Run-time ImprovementsThe run-time system makes decisions to grant access based on the current process con-figuration, the static analysis hints, and the call-chain list containing the current pendingtransactions. With more hints provided by the static analysis, concurrency could be safelyimproved.One possible area of investigation is to examine the effectiveness of using on-demandpaging for the cached file segments. In particular, when unknown segment sizes or awritable photocopy template are used, the current implementation reads from the startingpoint in the file to the end-of-file and sends that block of data as the cache. Instead, on-demand paging could cache only the parts that the remote process actually needs. The run-time system would need support from the operating system (or the run-time system wouldhave to implement an equivalent paging system) to ensure that any meta-information asso-ciated with each page and the overall file is properly retrieved and updated. Possibly, ajournal file approach would allow the original file to be updated as a series of I/O opera-tions recorded by the remote process instead of overwriting the file or file segment by eachreturning process.Using the append mode when opening a file gives the system the knowledge that thereare no modifications to any existing data and that seeking backwards will not affect futurechanges. However, the file pointer still needs coordination and synchronization for writ-ing. This leads to the situation where there are different views as to the location of the end-of-file, although reading and seeking backwards into the file will not need to be coordi-nated.6.1.4 Extensions and Future Work SummaryBased on this prototype implementation of PI/OT, a number of future research directionshave been suggested. The most important research direction involves static analysis of theapplication�s source code. This analysis of the user�s source code would identify sub-transactions, thus reducing the dependency on deadlock prevention and increasing theavailable concurrency for the application. Static analysis can be used to safely rearrange thecode to optimize I/O access. In addition, hints for the run-time system to prefetch data canbe introduced. Run-time refinements can take advantage of this improved knowledge baseas well as using dynamic information such as opening a file using read-only or appendmode to improve performance.6.2 ContributionsChapter 1.2 listed the proposed contributions of this work. The first contribution is toseparate the parallel I/O specifications from the sequential functions using templates. Thatis, the goal was to keep the standard sequential interface for invoking I/O operations in theuser�s code and to describe what parallel I/O behaviour(s) are needed independent of thecode. At compile and at run-time these specifications are used to identify and implementhow the parallel behaviours will interact with the application and its environment.

9 5 The separation of parallel I/O specifications from the interface was accomplished by thefive templates presented in Chapter 3. These simple behaviours can be composed to yieldmore complex I/O patterns. The composition of the simple behaviours, along with the readand write ordering attributes, allows the user greater flexibility in expressing the exact be-haviour needed.The second contribution of this work lies in the fact that by separating the I/O and com-putational parallelism from the sequential code, optimizations and adaptive behaviours atcompile and run-time are possible. Developed in Chapters 3 and 4 and demonstrated inChapter 5, the run-time system for I/O queries and cooperates with the computational par-allelism to produce a concurrent application. When an application changes the I/O behav-iour of a particular task type, the computational behaviour is not affected. However, theoverall performance can be affected.The third contribution is a validation that I/O templates do not necessarily imply a per-formance penalty. This claim is developed in Chapter 5. The software engineering ad-vantages of templated I/O do not necessarily incur a corresponding loss of performance.As a fourth contribution, this work identifies the components that interact between thecomputational and I/O parallel behaviours. There are three areas where interactions oc-curred when implementing PI/OT in Enterprise (Chapter˚4.4). The first set of interactionsdefines a transaction by identifying parallel file pointers and determining the scope of thesefile descriptors using remote procedure call arguments (the computational parallelism) orcollective opens (replication factors). In the second set of interactions, this defined trans-action is used by the source-to-source translator to identify and modify I/O objects to reflectthe desired parallel behaviours. Analysis will determine if deadlock prevention is needed.The third set of interactions is found in the run-time environment. When a transaction isactivated, the run-time environment determines how the behaviours will be implemented.The location of file servers and processes, the number of processes participating in thetransaction, and how the computational parallelism is implemented all have an effect onhow the I/O parallelism is implemented.The fifth and final contribution rests in the fact that this parallel I/O model is a step to-wards automatic parallelization. The abstraction mechanism for both the computational andI/O parallelism creates the opportunity for the user to specify what is wanted for the paral-lelism. Depending on the supplied code, the compiler can create a framework that at run-time can determine the best way (or how) to implement the parallelism.6.3 SummaryThis dissertation describes an attempt to define and implement a top-down model forparallel I/O. A user specifies what computational and I/O parallelism is wanted for an ap-plication. Static analysis and run-time support allows the application to determine how toimplement the parallel behaviours. The central assumption is that the user develops codeusing standard C and the supplied standard stream interface (stdio). No new library offunctions is needed to differentiate the parallel from sequential I/O operations. The cost ofthis approach does not mean significant loss of performance. Some compiler support isrequired to supply transaction information to the run-time system. This static analysis canbe used to improve the concurrency through the insertion of an early release mechanism offile descriptors within a transaction and by determining if the deadlock prevention mecha-nism is necessary for a given transaction. The PI/OT parallel I/O model relies on an abstrac-tion of the parallel computational model. Information is shared so that computational par-allelism and I/O parallelism cooperatively work together to produce an efficient parallel ap-plication.